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CRITIQUE  OF  THE  LITERATURE  ON  BIOEFFECTS  OF  RADIOFREQUENCY  RADIATION: 
A  COMPREHENSIVE  REVIEW  PERTINENT  TO  AIR  FORCE  OPERATIONS 


1  INTRODUCTION 

1.1  DEFINITION  OF  "RFR" 

The  generic  term  "RFR"  (radiofrequency  radiation)  will  be  used  in  this 
document  to  include  other  designations  commonly  found  in  the  literature, 
such  as  microwave  radiation,  microwave  fields,  electromagnetic  radiation 
(EMR),  nonionizing  electromagnetic  radiation  (NIEMR),  electromagnetic 
fields  (EMF),  radiofrequency  electromagnetic  (RFEM)  fields,  and  others. 
The  frequency  range  of  primary  interest  to  the  Air  Force  is  from  10  kHz 
to  300  GHz.  Where  appropriate,  however,  frequencies  lower  than  10  kHz 
will  also  be  included  under  the  RFR  rubric. 

1.2  PURPOSE  OF  THIS  REVIEW 

This  document  is  an  updated  and  expanded  version  of  an  earlier  review 
by  Heynick  and  Poison  (1983).  Its  primary  purpose  is  to  present  anal¬ 
yses  of  research  results  and  other  pertinent  information  on  the  bio¬ 
logical  effects  of  RFR.  It  is  to  serve  as  a  basic  reference  for  other 
documents  dealing  with  the  environmental  impact  of  proposed  or  currently 
operating  Air  Force  radar  and  communication  systems  with  regard  to 
whether  the  health  of  people  exposed  briefly  or  chronically  to  the  RFR 
transmitted  by  such  systems  is  likely  to  be  affected  adversely.  The 
various  reports  on  bioeffects  at  power-line  frequencies  (50  and  60  Hz) 
or  the  uses  of  RF  fields  or  currents  for  medical  purposes  (e.g.,  dia¬ 
thermy,  hyperthermia,  magnetic  resonance  imaging,  repair,  growth)  are 
outside  the  purview  of  this  document. 

To  foster  use  of  this  review  by  many  individuals  and  organizations, 
and  to  facilitate  retrieval  of  specific  items  by  computer-automated 
search  techniques,  the  information  in  this  document  is  stored  as  a  set 
of  computer  files  in  ASCII  format,  with  special  efforts  to  ensure  max¬ 
imum  compatibility  with  personal  and  desktop  computers.  Toward  that 
end,  superscripts,  subscripts,  Greek  letters,  underlining,  and  any  other 
embedded  formatting  commands  (except  for  "hard"  carriage  returns,  with  a 
maximum  of  72  characters  per  line)  are  not  used.  (As  examples,  "sq  cm" 
is  used  to  avoid  the  corresponding  exponent  superscript,  and  letters  of 
the  Greek  alphabet  are  spelled  out.)  In  addition,  to  eliminate  the  need 
for  computergraphics  capabilities,  no  graphs  are  presented;  instead,  the 
contents  of  graphs  deemed  important  are  described  briefly  in  the  text. 

About  a  third  of  the  papers  on  RFR  bioeffects  discussed  herein  had 
been  analyzed  previously;  those  analyses  were  published  in  a  series  of 
five  reports:  Heynick  and  Krebs  (1981),  Heynick  (1982),  Heynick  and 
Poison  (1984a, b;  1985). 

The  references  cited  in  each  major  section  or  subsection  are  listed  at 
the  end  thereof.  Section  7  of  this  document  is  a  master  list  of  all  the 


reference  citations  in  alphabetical  order  by  first  author  (or  organiza¬ 
tion  acronym  in  appropriate  cases).  In  square  brackets  after  each  cita¬ 
tion  in  the  printed  version  are  the  page  numbers  in  which  the  citation 
appears;  in  the  computer-stored  version,  the  file  designations  for  the 
sections  or  subsections  are  shown  instead  of  page  numbers. 

1.3  LITERATURE  SELECTION 

Almost  all  of  the  papers  selected  for  discussion  in  this  document  were 
published  in  scientific  journals  presumably  after  having  been  given  peer 
review;  the  papers  were  organized  by  bioeffects  topics.  Presentations 
at  recent  scientific  symposia  or  abstracts  thereof  were  excluded  from 
consideration  (with  few  exceptions)  under  the  assumption  that  either 
more  complete  and  peer-reviewed  accounts  of  such  studies  will  appear 
subsequently  or  accounts  will  not  be  published  at  all  (perhaps  because 
the  study  was  flawed  or  the  investigators  were  not  able  to  reproduce 
their  results).  Adequate  numbers  of  papers  were  selected  to  provide  a 
comprehensive  coverage  of  each  topic;  those  selected  included  accounts 
of  early  important  studies  as  well  as  those  embodying  results  of  recent 
investigations . 

Presentation  of  all  of  the  currently  available  published  information 
on  RFR  bioeffects,  to  comprise  a  virtually  complete  data  base  that  in¬ 
cludes  discussion,  analysis,  and  comparisons  of  findings,  was  not  con¬ 
sidered  an  appropriate  goal  in  this  project;  the  utility  of  such  a  com¬ 
plete  data  base  in  a  review  is  questionable  because  the  findings  in  many 
papers  have  been  superseded  by  those  obtained  in  later  studies  by  re¬ 
searchers  in  the  same  laboratory  by  use  of  significant  improvements  in 
biological  methodology,  exposure  systems,  and  techniques  and  instrumen¬ 
tation  for  measuring  incident  and  absorption  dose  rates. 

Note  that  sections  on  exposure  systems  and  instrumentation,  which  were 
included  in  the  earlier  review,  are  not  presented  herein  because  such 
engineering  aspects  have  become  greatly  diversified;  instead,  the  novel 
features  of  the  systems  and  instruments  used  in  specific  studies  are 
described  in  the  discussions  of  such  studies  if  appropriate.  It  is  also 
noteworthy  that  many  uncertainties  regarding  the  engineering  aspects  in 
the  early  studies  of  RFR  bioeffects  have  been  largely  removed  in  recent 
studies  and  perhaps  supplanted  by  questions  about  the  correct  usage  of 
more  recently  developed,  very  sophisticated  life-sciences  methodology. 

1.4  ASSESSMENT  OF  SCIENTIFIC  INFORMATION  AND  RISK 

In  assessing  potential  biological  effects  of  the  RFR  emitted  from  any 
specific  system,  consideration  must  be  given  to  appropriate  quantitative 
relationships  among  the  following:  (i)  the  physical  parameters  of  the 
RFR  (e.g.,  frequency,  power  density,  polarization),  (2)  the  distribution 
of  the  energy  absorbed  within  the  organism,  and  (3)  the  occurrence  and 
magnitudes  of  effects  that  can  be  linked  with  exposure  to  the  RFR,  as 
determined  by  observations  of  functional  or  anatomic  alterations.  The 
body  of  experimental  evidence  for  such  effects  can  be  used  to  formulate 
biophysical  theories,  and  as  is  done  in  other  scientific  disciplines, 


such  theories  are  refined,  revised,  or  discarded  as  valid  new  evidence 
accumulates . 


The  knowledge  in  any  discipline  can  never  be  completed  or  closed,  and 
it  is  scientifically  impossible  to  prove  with  absolute  certainty  that 
any  postulated  phenomenon  will  not  or  cannot  occur.  Instead,  scientists 
recognize  that  their  findings  are  probabilistic  in  nature,  in  that  the 
data  for  such  findings  or  predictions  therefrom  contain  various  degrees 
of  uncertainty,  ascribable  to  the  level  of  accuracy  or  precision  of  the 
instrumentation  used  and/or  to  uncontrolled  variations  in  the  subjects 
or  population  studied.  Thus,  results  are  usually  reported  to  within 
some  explicitly  stated  level  of  probability  for  a  given  population,  and 
the  applicability  of  the  findings  to  a  particular  individual  may  be  open 
to  question.  For  example,  the  term  "median  effective  dose"  for  a  cer¬ 
tain  agent  refers  to  the  dose  that  will  elicit  the  response  character¬ 
istic  of  that  agent  in  half  of  the  exposed  individuals.  However,  before 
the  dose  is  administered,  whether  any  specific  individual  will  respond 
cannot  be  predicted,  but  the  prediction  that  an  individual  will  have  a 
50X  chance  of  exhibiting  the  response  is  valid. 

In  effect,  the  probabilistic  nature  of  scientific  evidence  means  that 
no  amount  of  scientific  data,  however  large,  can  be  used  to  guarantee 
the  absolute  safety  of  any  agent  for  any  individual  or  group  of  individ¬ 
uals.  Analysts  disagree  over  whether  the  conventional  scientific  ap¬ 
proach,  in  which  an  investigator  finds  or  fails  to  find  a  statistically 
significant  difference  (a  predefined  very  low  probability  of  chance 
occurrence)  in  the  results  between  experimental  and  control  groups,  is 
appropriate  to  considering  potential  hazards  to  humans.  The  scientist's 
statement  that  the  differences  between  the  groups  are  not  statistically 
significant  is  not  equivalent  to  the  absolute  statement  that  there  is  no 
difference  between  the  groups. 

Experimental  evidence  regarding  RFR  bioeffects  is  derived  from  studies 
of  laboratory  animals  and,  sometimes,  of  humans  who  have  been  exposed  to 
RFR.  The  characteristics  of  the  RFR,  the  interaction  mechanisms,  and 
the  biological  responses  are  known  at  least  qualitatively  in  some  cases. 
To  obtain  the  most  directly  applicable  evidence  about  possible  effects 
of  any  specific  RFR-emitting  system  on  humans  would  require  experiments 
in  which  humans  were  exposed  to  its  specific  frequency  range  and  likely 
power  density  values,  and  quantitative  evaluation  of  such  exposure  on 
the  many  biological  endpoints  that  may  be  suspect.  Such  data,  however, 
do  not  exist,  and  for  pragmatic  reasons  cannot  be  obtained.  Instead, 
recourse  is  usually  had  to  use  of  laboratory  animals  as  surrogates  for 
humans,  a  practice  widely  used  for  assessing  possible  effects  of  other 
agents.  Thus,  almost  all  of  the  information  available  on  the  effects  of 
RFR  on  humans  is  indirect  since  it  was  derived  primarily  by  projection 
of  the  findings  with  other  species  that  have  much  different  anatomies 
and  functional  characteristics  than  humans  and  that  are  usually  studied 
with  different  RFR  parameters  and  exposure  durations. 

Some  investigations  of  human  exposure  to  RFR  have  been  done,  either 
with  volunteers  or  as  epidemiologic  studies.  For  obvious  reasons,  very 
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few  of  the  former  have  been  conducted.  On  the  other  hand,  epidemiologic 
studies,  also  relatively  few  in  number,  elucidate  the  distribution  of  a 
physiological  condition  or  disease  in  human  populations  and  describe  the 
factors  influencing  this  distribution  (Lilienfeld  and  Lilienfeld,  1980). 
Although  such  studies  do  deal  with  human  subjects  and  thus  might  furnish 
direct  evidence  from  a  species  standpoint,  such  epidemiologic  evidence 
is  also  indirect:  First,  numerical  values  of  the  exposure  parameters 
(particularly  exposure  levels  and  durations)  vary  widely  with  time  for 
each  individual  and  are  highly  variable  from  person  to  person;  thus, 
they  cannot  be  determined  in  detail.  Instead,  for  example,  the  exposed 
group  is  often  selected  by  occupation.  Second,  the  extent  to  which  the 
unexposed  control  group  of  people  selected  for  comparison  differs  from 
the  exposed  population  (other  than  in  exposure  to  RFR)  is  critical  in 
assessing  the  validity  of  the  conclusions. 

Regardless  of  the  kind  of  evidence  being  considered,  certain  concepts 
and  constraints  affect  the  interpretation.  In  particular,  scientists 
disagree  over  whether  an  effect,  especially  one  that  is  reversible  or 
can  be  compensated,  constitutes  a  hazard.  Furthermore,  only  rarely  is 
any  specific  investigation  subjected  to  confirmation  by  the  performance 
of  an  identical  experiment  by  another  investigator.  More  often  instead, 
an  analogous — but  not  identical — experiment  is  conducted  for  the  purpose 
of  clarifying  or  expanding  the  results  of  the  initial  experiment.  The 
later  experiment  ideally  provides  a  better  means  of  incorporating  the 
findings  into  the  theory  underlying  the  knowledge  in  a  particular  field 
of  investigation,  but  it  does  not  necessarily  confirm  the  results  of  the 
first  investigation. 

Conceivably,  agents  may  have  effects  that  are  biologically  real  but  so 
small  in  magnitude  that  the  difference  in  mean  response  between  the  ex¬ 
perimental  and  control  populations  may  not  be  discernible  within  the 
scattering  of  values  for  both  populations  if  the  sample  sizes  are  small. 
Biological  studies  to  detect  such  small  differences  and  to  show  that 
they  are  statistically  significant  (to  a  prespecified  probability  that 
they  are  not  due  to  chance)  would  require  the  use  of  large  numbers  of 
animals  and,  in  some  cases,  long  exposure  times.  The  expenditures  in 
time  and  money  necessary  to  perform  such  studies  may  be  so  large  that 
sponsoring  institutions  with  limited  budgets  often  decide  that  such 
studies  are  not  cost-effective  with  regard  to  the  sponsor's  overall 
objectives.  A  frequent  alternative  is  to  predict  effects  at  very  low 
levels  by  extrapolation  from  findings  at  higher  levels,  on  the  basis  of 
assumptions  about  the  mathematical  relationship  between  the  level  (or 
dose)  of  the  agent  and  the  degree  of  the  effect.  Such  assumptions  are 
open  to  challenge,  however,  and  this  approach  may  lead  to  disagreement 
over  the  possible  existence  of  a  threshold  dose  or  dose  rate  below  which 
the  agent  has  no  effects. 

Scientific  experiments  are  often  restricted  to  the  evaluation  of  only 
one  factor.  In  the  real  world,  however,  interactions  are  far  more 
complex.  The  effect  of  combinations  of  factors  is  illustrated  in  the 
incidence  of  lung  cancer  in  uranium  miners,  which  is  higher  than  in  the 
general  population,  presumably  because  of  the  inhalation  of  radioactive 


material.  The  increased  incidence  in  nonsmoking  miners  is  marginal,  but 
miners  who  smoke  cigarettes  have  a  much  higher  incidence  of  lung  cancer 
than  either  nonsmoking  miners  or  the  general  population. 

It  must  be  remembered  also  that  scientists  have  personal  values, 
goals,  and  attitudes.  It  has  been  said  frequently  that  unbiased  experts 
do  not  exist,  because  to  become  an  accepted  authority  requires  a  long 
personal  commitment  to  the  chosen  field  that  automatically  leads  to  em¬ 
phasis  of  certain  viewpoints.  Thus,  objectivity,  like  probabilistic 
scientific  findings,  may  well  be  characteristic  of  scientists  as  a  group 
but  not  necessarily  of  any  individual  scientist.  The  personal  biases 
among  the  researchers  in  any  study  can  consciously  or  subconsciously 
affect  how  an  experiment  is  designed  and  how  the  data  are  interpreted. 
Particularly  important  is  how  the  findings  are  applied  to  decision 
making,  a  process  not  necessarily  involving  the  specific  investigators, 
but  others  outside  the  field  of  expertise. 

Assessment  of  risk  to  human  health  of  environmental  agents,  including 
RFR,  and  setting  of  protection  standards  to  reduce  potential  risk  are 
extremely  complex  problems.  In  addition  to  technical  and  scientific 
questions,  there  are  those  of  law,  socioeconomics,  and  administration, 
often  leading  to  risk-versus-benef it  analyses.  It  is  clearly  beyond  the 
scope  of  this  document  to  deal  with  those  subjects  in  detail,  but  it  is 
important  that  they  be  mentioned. 

The  subject  of  the  existence  or  nonexistence  of  thresholds  for  noxious 
or  deleterious  effects  of  various  agents  has  been  debated  at  length.  As 
a  practical  scientific  matter,  thresholds  do  exist  at  least  for  some 
substances,  because  many  naturally  occurring  substances  are  essential  to 
life  at  specific  concentrations  and  are  toxic  at  higher  concentrations 
(Horne,  1972).  In  this  document,  the  possible  existence  of  threshold 
levels  is  considered  for  various  specific  RFR  effects  where  possible, 
with  due  regard  for  the  physiological  mechanisms  of  effect. 

1.5  RFR  SAFETY  STANDARDS 

Terms  such  as  "safety  standards"  and  "exposure  standards"  are  general¬ 
ly  applied  to,  and  frequently  used  interchangeably  with,  specifications 
or  guidelines  for  permissible  occupational  and/or  nonoccupational  expo¬ 
sure  of  humans  to  electromagnetic  fields.  Such  standards  are  expressed 
as  permissible  exposure  limits  (PELs),  threshold  limit  values  (TLVs),  or 
allowable  maximum  power  densities  or  field  intensities,  in  indicated 
frequency  ranges  and  for  stated  exposure  durations. 

In  1982,  the  American  National  Standards  Institute  (ANSI)  Subcommittee 
C95.IV  adopted  a  frequency-dependent  standard  (ANSI,  1982)  for  both 
occupational  and  general-public  exposure  to  RFR,  to  replace  the  ANSI 
Radiation  Protection  Guide,  published  in  1974,  which  was  10  mW/sq  cm  or 
the  equivalent  electric  and  magnetic  field  strengths  over  the  entire 
frequency  range  from  10  MHz  to  100  GHz  (ANSI,  1974).  The  newer  limits, 
like  the  older  ones,  are  not  to  be  exceeded  for  exposures  averaged  over 
any  0 . 1-hr  period . 
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The  10-mW/sq-cm  value  in  the  older  ANSI  (1974)  standard  originated 
from  the  physiological  consideration  that  whole-body  exposure  of  a  human 
to  a  level  of  about  100  mW/sq  cm  or  more  would  cause  mi ld-to-severe  in¬ 
crease  in  thermal  load  (depending  on  the  level),  and  by  application  of  a 
safety  factor  of  10  to  this  lower  power-density  limit.  Underlying  this 
guide  was  the  belief,  based  on  the  then-available  scientific  evidence, 
that  nearly  all  workers  could  be  exposed  to  RFR  at  10  mW/sq  cm  or  lower 
levels  during  the  normal  series  of  working  days  without  adverse  effects. 
Adoption  of  the  guide  also  recognized  that  electromagnetic  fields  at  or 
below  the  maximum  allowable  level  might  cause  biological  effects  that 
have  no  medical  consequences,  or  that  workers  could  readily  accommodate 
to  such  effects.  The  1974  ANSI  standard  was  promulgated  by  the  Federal 
Occupational  Safety  and  Health  Administration  (OSHA)  for  occupational 
exposure  and  was  also  adopted  by  other  organizations,  including  the  U.S. 
Department  of  Defense. 

The  1982  ANSI  standard,  shown  in  Table  1,  was  derived  from  analyses  of 
a  large  number  of  experimental  and  theoretical  results  selected  by  a 
subcommittee  of  ANSI  C95.IV  as  representative  of  the  state  of  knowledge 
at  that  time.  The  standard  covers  the  frequency  range  from  300  kHz  to 
100  GHz  and  is  based  on  a  mean  whole-body  specific-absorption-rate  (SAR) 
limit  of  0.4  W/kg,  which  renders  the  incident  power  density  frequency- 
dependent.  The  terra  "SAR,"  discussed  in  more  detail  in  Section  2.1,  is 
defined  as  the  rate  at  which  RF  electromagnetic  energy  is  imparted  to  an 
element  of  mass  of  a  biological  body.  In  the  1982  ANSI  standard,  the 
lowest  power-density  limit,  1  mW/sq  cm,  is  for  the  range  from  30  to  300 
MHz,  within  which  absorption  of  RFR  by  the  human  body  as  a  resonant 
entity  (Section  2.1)  is  highest.  As  with  the  1974  ANSI  standard,  the 
value  0.4  W/kg  contains  a  safety  factor  of  10,  and  the  specified  limits 
are  not  to  be  exceeded  for  exposures  averaged  over  any  0.1-hr  period. 

TABLE  1:  ANSI  (1982)  RADIOFREQUENCY  RADIATION  PROTECTION  GUIDES 


(1) 

(2) 

(3) 

(4) 

Frequency  Range 

E-Squared 

H  -Squared 

Power  Density 

(MHz) 

(V-sq/sq-ra) 

( A-sq/sq-m) 

(raW/ sq-cm) 

0.3  -  3 

400,000 

2.5 

100 

3-30 

4,000x(900/f-sq) 

0.025x(900/f-sq) 

900/f-sq 

30  -  300 

4,000 

0.025 

1.0 

300  -  1,500 

4 , 000x( f / 300 ) 

0 . 02  5x( f /300 ) 

f/300 

1,500  -  100,000 

20,000 

0.125 

5.0 

Note:  f  is  the  frequency  in  MHz. 

In  the  far  field  of  an  RFR  source,  the  governing  maximum  values  are 
the  power  densities  shown  in  column  4  of  Table  1,  and  the  corresponding 
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squares  of  the  electric-  and  magnetic-field  amplitudes  (E-squared  and  H- 
squared)  in  columns  2  and  3  are  approximate  "free-space"  equivalents, 
defined  as  follows  for  1  mW/sq  cm  (10  W/sq  m) : 

E-sq  »  (Z0)  x  10  W/sq  m  (1) 

H-sq  -  (1/Z0)  x  10  W/sq  m,  (2) 

where  Z0  represents  the  impedance  or  value  of  E/H  for  free  space,  but 
rounded  up  from  377  to  400  ohms  to  yield  limit  values  to  one  significant 
figure  only. 

In  the  near  field  of  an  RFR  source,  the  governing  maxima  are  the  val¬ 
ues  of  E-sq  and  H-sq.  In  such  exposure  situations,  the  values  of  E-sq 

and  H-sq  can  be  expressed  in  terms  of  their  corresponding  power  den¬ 
sities  by  using  equations  1  and  2,  but  primarily  for  convenience  in  ex¬ 
pressing  the  entire  standard  in  terms  of  one  parameter  (power  density). 

The  1982  ANSI  standard  has  the  following  exclusions: 

(1)  At  frequencies  between  300  kHz  and  100  GHz,  the  protection  guides 
may  be  exceeded  if  the  exposure  conditions  can  be  shown  to  produce  SARs 
below  0.4  W/kg  as  averaged  over  the  whole  body,  and  spatial  peak  values 
below  8  W/kg  as  averaged  over  any  one  gram  of  tissue. 

(2)  At  frequencies  between  300  kHz  and  1  GHz,  the  protection  guides 
may  be  exceeded  if  the  radiofrequency  input  power  of  the  radiating  de¬ 
vice  is  7  W  or  less.  [This  exclusion  was  provided  in  recognition  that 
many  low-power  devices  in  common  use  by  the  general  population  may  pro¬ 
duce  fields  that  appear  to  exceed  the  exposure  guides  in  local  regions 
of  the  body  close  to  the  devices  but  which  would  yield  whole-body  SARs 
much  lower  than  those  in  the  exposure  guides.] 

In  consonance  with  an  ANSI  nominal  five-year  review  cycle,  Subcommit¬ 
tee  C95.IV  is  undertaking  examination  of  selected  recent  studies  (as 
well  as  relevant  earlier  ones)  in  the  literature  on  RFR  bioeffects,  with 
a  view  toward  issuance  of  a  revised  standard  in  1987.  Small  (if  any) 
changes  are  expected  in  the  1987  standard  for  frequencies  of  30  MHz  and 
higher;  the  lower  frequency  limit  will  be  extended  downward  to  3  kHz; 
based  on  experimental  studies  in  the  near  field  at  frequencies  below  30 
MHz,  the  specifications  for  exposure  to  an  electric  field  alone  or  mag¬ 
netic  field  alone  may  be  relaxed,  leading  to  an  upward  shift  of  the  100- 
mW/sq-cm  free-space-equivalent  power-density  limit;  the  new  standard, 
however,  probably  will  contain  a  specification  of  the  maximum  body 
current  for  contact  by  persons  with  large  metallic  objects  immersed  in 
RF  (near)  fields  below  30  MHz,  to  avoid  RF  shocks  or  burns. 

The  American  Conference  of  Governmental  Industrial  Hygienists  pub¬ 
lished  threshold  limit  values  (ACGIH,  1984)  also  based  on  0.4  W/kg  but 
intended  for  occupational  exposures  only.  These  TLVs,  to  be  averaged 
over  any  six-minute  period,  are  shown  in  Table  2.  Later  ACGIH  pub¬ 
lications  on  this  subject  contained  no  revisions  to  these  TLVs. 


TABLE  2:  ACGIH  (1984)  RADIOFREQUENCY/MICROWAVE  THRESHOLD  LIMIT  VALUES 


Frequency  Range 
(MHz) 

0.01-3 

3-30 

30-100 

100-1000 

1000-300,000 


Power  Density 
(mW/sq-cm) 

100 

900/f-sq 

1 

f/100 

10 


E-Squared 

(V-sq/sq-m) 

377000 

3770x(900/f-sq)' 

3770 

3770xf/100 

37700 


H-Squared 

(A-sq/sq-m) 

2.65 

900/(37. 7xf-sq) 
0.027 

f/(37. 7x100) 
0.265 


TABLE  3:  AFOSH  (1984)  MAXIMUM  PERMISSIBLE  LIMITS  FOR  EXPOSURE  TO  RFR 
(AVERAGED  OVER  ANY  SIX-MINUTE  PERIOD) 


Frequency  Range  PEL 
(MHz) 

0.01-3 

3-30 

30-100 

100-300 

300-1000 

1000-1500 

1500-300,000 


Average-Size  Adult 
(mW/sq  cm) 

100 

900/f-sq 

1 

f/100 

f/100 

10 

10 


PEL  for  Small-Size  Human 
(mW/sq  cm) 

100 

900/f-sq 

1 

1 

f/300 

f/300 

5 


Notes : 

1)  All  exposures  must  be  limited  to  a  maximum  (peak)  electric  field 
intensity  of  100  kV/m. 

2)  f  is  the  frequency  in  MHz. 

3)  Use  the  PELs  under  the  heading  ‘Average  Size  Adult"  for  Air  Force 
workers  and  workplaces.  Use  the  more  restrictive  PELs  under  the  heading 
"Small  Size  Human"  when  assessing  potential  hazards  in  areas  where  the 
public  has  unrestricted  access. 

4)  A  small  size  human  is  an  individual  less  than  55  inches  (140  cm) 
tall. 

5)  When  exposure  is  to  multiple-frequency  radiation,  the  sum  of  the 
fractions  of  the  PELs  at  the  separate  frequencies  must  not  exceed  unity. 

6)  When  an  RF  emitter  operates  over  a  band  of  frequencies  in  which  the 
PEL  varies,  such  as  between  3  and  30  MHz,  the  lowest  PEL  shall  apply. 


One  major  difference  between  the  1982  ANSI  and  1984  ACGIH  standards  is 
that  the  1-raW/sq-cra  value  in  the  latter  extends  only  from  30  to  100  MHz 
and  rises  with  a  slope  f/100  at  100  MHz  to  10  mW/sq  cm  at  1  GHz.  This 
difference  is  based  on  the  premise  that  children,  who  have  higher  whole- 
body  resonant  frequencies  than  adults  (see  Section  2.1),  are  not  likely 

to  be  occupationally  exposed  to  RFR.  Also  different  in  the  1984  ACGIH 

standard  is  that  the  equivalent  free-space  field  intensities  for  1  mW/sq 

cm  are  given  by  equations  1  and  2  but  with  Z0  -  377  ohms  instead  of  the 

rounded  up  value  400  ohms.  Last,  the  lower  frequency  limit  for  the  100- 
raW/sq-cm  TLV  of  the  ACGIH  standard  is  at  10  kHz  instead  of  300  kHz.  On 


the  basis  of  whole-body  SAR,  this  TLV  appears  to  be  safe,  but  does  not 
exclude  possible  occurrence  of  RF  shocks  or  burns  under  some  conditions. 
The  1984  ACGIH  standard  provides  procedures  for  minimizing  such  possible 
hazards.  The  TLVs  are  intended  for  use  in  the  practice  of  industrial 
hygiene  only  by  persons  trained  in  that  discipline. 

The  currently  applicable  permissible  exposure  limits  (PELs)  for  the 
Air  Force  are  given  in  the  Air  Force  Occupational  Safety  and  Health 
Standard  161-9  (AFOSH,  1984).  These  PELs  are  shown  in  Table  3  above: 

The  AFOSH  (1984)  standard  also  provides  guidance  and  procedures  for 
the  management  of  reported  overexposures  of  Air  Force  personnel  to  RFR, 
a  subject  discussed  in  Section  3.1.3. 

A  system  denoted  as  the  Ground  Wave  Emergency  Network  (GWEN)  is  being 
implemented  by  the  U.S.  Air  Force  (GWEN,  1985).  This  system  is  designed 
to  operate  within  the  range  150-175  kHz,  in  the  very-low-frequency  (VLF) 
region.  The  U.S.  Air  Force  has  suggested  a  limit  of  50  V/m  for  exposure 
of  the  general  population  to  RFR  from  that  system,  with  a  view  toward 
avoiding  possible  hazards  of  RFR  shock  or  burn  (see  Section  3. 1.4.4). 

Scientific  Committee  53  of  the  National  Council  on  Radiation  Protec¬ 
tion  and  Measurements  has  issued  its  report  (NCRP,  1986),  in  which  a 
power-density  exposure  limit  of  0.2  mW/sq  cm  for  the  frequency  range  300 
kHz  to  100  GHz  is  recommended  for  the  general  population  and  the  1982 
ANSI  limits  for  occupational  exposure.  The  fivefold  lower  value  recom¬ 
mended  for  the  general  population  (relative  to  1  mW  sq  cm,  the  lowest 
value  in  the  1982  ANSI  guide)  is  based  on  the  assumption  that  the 
general  public  is  exposed  continuously  (168  hours  per  week)  and  that  the 
ratio  of  40  hours  in  the  work  week  to  168  hours  is  about  0.2. 

The  U.S.  Occupational  Safety  and  Health  Administration  (OSHA),  which 
had  promulgated  the  10-mW/sq  cm  level  of  the  1974  ANSI  guide  as  a  volun¬ 
tary  occupational  standard,  subsequently  found  that  the  standard  was 
legally  unenforceable.  In  June  1985,  the  National  Institute  for  Occupa¬ 
tional  Safety  and  Health  issued  a  draft  (NI0SH,  1985),  for  external  re¬ 
view,  of  an  occupational  standard  based  on  a  maximum  whole-body  SAR  of  2 
W/kg  instead  of  4  W/kg,  with  a  safety  factor  of  10  (0.2  W/kg),  based  on 
a  review  of  the  RFR-bioef f ects  literature,  which  included  some  reported 
findings  of  adverse  effects  in  animals  at  SARs  between  1.8  and  4.5  W/kg. 

There  is  common  agreement  that  non-occupational  exposure  standards  for 
the  general  public  should  be  more  stringent  than  those  for  occupational 
exposure,  based  on  the  points  that  the  general  public  is  chronically 
exposed  to  RFR  and  that  such  standards  should  be  sufficient  to  protect 
those  who  are  potentially  most  vulnerable,  such  as  children,  pregnant 
women,  the  ill,  and  the  elderly.  The  Environmental  Protection  Agency 
(EPA),  which  has  been  considering  an  exposure  standard  for  the  general 
population  over  a  number  of  years,  has  not  yet  issued  such  a  standard. 
The  most  recent  EPA  action  on  the  subject  at  this  writing  was  a  "Notice 
of  Proposed  Recommendations"  published  on  30  July  1986  (EPA,  1986),  in 
which  1  W/kg  was  given  as  the  basis  for  a  proposed  standard  for  the 


general  public,  with  indicated  reasons  for  the  lower  SAR.  EPA  had 
performed  a  comprehensive  review  of  the  literature  (Elder  and  Cahill, 
1984)  to  provide  the  rationale  for  the  proposed  standard. 

Also  presented  in  EPA  (1986)  were  summaries  of  the  population  exposure 
levels  estimated  by  EPA  in  15  U.S.  cities,  field  intensities  measured  in 
the  vicinity  of  transmitting  antennas  atop  several  tall  buildings  and  at 
other  sites  (see  Section  1.6),  and  the  three  options  under  consideration 
for  setting  such  standards  based  on  risk/benefit/cost  analyses  (plus  the 
fourth  option  of  no  action  on  issuing  a  general-population  standard  at 
this  time).  In  essence,  the  three  options  are  to  base  the  standard  on 
whole-body  SARs  of  0.04,  0.08,  or  0.4  W/kg ,  respectively  representing 
tenfold,  fivefold,  and  no  reductions  from  the  1982  ANSI  basis. 

In  the  absence  of  a  governing  Federal  standard  (but  not  necessarily 
for  that  reason),  various  state,  county,  and  municipal  governmental 
bodies  have  issued  ordinances  regarding  exposure  of  the  general  popu¬ 
lation  to  RFR  that  in  some  cases  are  more  considerably  stringent  than 
those  of  ANSI  (1982).  Petitions  by  the  National  Association  of  Broad¬ 
casters  and  other  groups  for  a  Federal  standard  to  preempt  state  and 
local  exposure  standards  are  being  considered  by  the  Federal  Communi¬ 
cations  Commission.  However,  preemption  could  become  a  legal  issue 
between  Federal  and  state  bodies  when  EPA  does  promulgate  its  standard. 

In  the  realm  of  standards  in  other  countries,  the  Non-Ionizing  Radia¬ 
tion  Committee  of  the  International  Radiation  Protection  Association 
( IRPA) ,  with  participants  from  Australia,  Denmark,  France,  Germany, 
Netherlands,  Poland,  the  U.K. ,  and  the  U.S.,  has  published  interim 
guidelines  (IRPA,  1984)  applicable  to  the  general  public  as  well  as 
occupationally;  the  environmental  health  criteria  issued  by  the  World 
Health  Organization  (WHO,  1981)  provided  the  rationale  for  this  stan¬ 
dard.  For  occupational  exposure,  the  standard  is  based  on  0.4  W/kg  over 
the  whole  body  or  4  W/kg  in  any  1  gram  of  tissue,  and  for  general-public 
exposure,  0.08  W/kg  and  0.8  W/kg  respectively  over  the  whole  body  and  1 
gram  of  tissue  (all  averaged  over  any  six  minutes).  Countries  partici¬ 
pating  in  IRPA,  as  well  as  others,  have  also  issued  separate  national 
standards,  some  that  are  comparable  to  the  1982  ANSI  standard  and  others 
more  stringent. 

Of  particular  interest  are  the  current  standards  in  the  Eastern  Euro¬ 
pean  countries,  recently  reviewed  by  Czerski  (1985),  who  also  provided 
some  of  the  background  that  led  to  the  adoption  of  the  previous  and 
current  standards.  In  the  USSR,  the  exposure  limits  (ELs)  for  occupa¬ 
tional  and  general-public  exposure  are  distinct.  For  frequencies  below 
300  MHz,  the  ELs  are  given  separately  for  the  E-field  and  H-field;  for 
the  range  from  300  MHz  to  300  GHz,  the  concept  of  "permissible  energy 
load"  or  allowable  product  of  incident  power  density  and  exposure  dura¬ 
tion  (PT)  is  used  in  the  occupational  standard,  subject  to  a  maximum 
power  density  of  1  raW/sq  cm.  The  current  (1984)  occupational  ELs  and 
PTs  are  shown  in  Table  4. 


TABLE  4:  USSR  1984  RFR  OCCUPATIONAL  STANDARD 


Frequency 

(MHz) 

0.06-1.5 

1.5-3 

3-30 

30-50 

50-300 

300-300000 


E-Field  EL 
(V/m) 

50 

50 

20 

10 

5 

** 


H-Field  EL 
(A/m) 

5 

* 

* 

0.3 

* 

* 


*No  EL  specification  for  H-field  in  this  frequency  range. 

**PT  -  2  W.hr/sq  m  for  stationary  fields;  PT  -  20  W.hr/sq  ra  for  rotating 
or  scanning  antennas  (beams). 


As  noted  by  Czerski  (1985),  Savin  et  al.  (1983)  arrived  at  the  lower 
PT  value  by  analyzing  data  on  animals  indicating  that  exposure  to  0.2 
mW/sq  cm  [2  W/m]  for  1  hr  [PT  -  20  W.hr/sq-m]  does  not  yield  untoward 
effects,  and  by  applying  a  safety  factor  of  10. 

The  current  (1984)  USSR  ELs  for  the  general  population  in  the  fre¬ 
quency  range  30  kHz  to  300  MHz  are  presented  in  Table  5.  No  H-field  ELs 
are  specified.  For  the  frequency  range  300  MHz  to  300  GHz,  the  limit  is 
on  power  density,  0.1  W/sq  m  (0.01  mW/sq  cm). 

TABLE  5:  USSR  1984  STANDARD  FOR  PUBLIC  EXPOSURE  TO  RFR  (0.03-300  MHZ) 

Frequency  (MHz)  E-Field  EL  (V/m) 

0.03-0.3  25 

0.3-3  15 

3-30  10 

30-300  3 


Czerski  (1985)  also  described  the  Czechoslovakian  and  Polish  stan¬ 
dards.  These  too  are  more  stringent  than  the  1982  ANSI  standard  but 
less  so  than  the  1984  USSR  standards. 

With  the  advent  of  frequency-dependent  standards  (e.g.,  ANSI,  1982), 
the  differences  in  standards  of  Eastern-European  and  Western  countries 
have  diminished  to  some  extent.  It  is  especially  noteworthy  that  stan¬ 
dards  for  occupational  exposure  of  these  countries  are  in  closer  agree¬ 
ment  among  one  another  than  are  their  respective  standards  for  general- 
public  exposure.  Regarding  the  latter,  differences  in  philosophy  and 
the  standard-setting  processes  are  still  extant.  Only  harmful  effects 
are  normally  considered  in  the  U.S.,  but  the  U.S.  standards  include 
safety  factors  to  ensure  that  exposure  to  the  specified  maximum  levels 
will  not  cause  medically  significant  effects.  By  contrast,  Trakhtenberg 
(quoted  in  Goldmann,  1982)  in  the  USSR,  for  example,  defined  significant 
changes  as  "characterized  by  the  deviation  of  the  factors  studied  beyond 
the  limits  of  annual  or  seasonal  fluctuations  by  more  than  two  standard 


deviations  away  from  the  norm,"  but  in  many  cases  such  deviations  may 
not  have  medically  important  implications. 

1.6  MEASUREMENTS  OF  ENVIRONMENTAL  LEVELS  OF  RFR  IN  SELECTED  U.S.  CITIES 
AND  AT  SPECIAL  LOCATIONS 

Several  years  ago,  the  EPA  measured  the  environmental  field  intensi¬ 
ties  at  selected  locations  in  15  U.S.  cities.  The  sites  in  each  city 
were  selected  to  permit  analyses  and  estimations  of  cumulative  fractions 
of  the  total  population  in  each  city  exposed  at  or  below  various  average 
power  densities,  based  on  the  population  figures  derived  from  the  1970 
census-enumeration  districts.  Tell  and  Mantiply  (1980)  and  Janes  (1979) 
presented  the  results  for  these  cities  (a  total  of  486  sites).  These 
results  were  also  summarized  in  Hankin  (1985)  and  in  EPA  (1986). 

Measurements  of  field  intensity  were  made  at  6.4  m  (20  ft)  above 
ground  at  each  site  in  the  following  frequency  ranges  (Janes  et  al., 
1977):  0. 5-1.6  MHz  (the  standard  AM-radio  broadcast  band),  54-88  MHz  and 
174-216  MHz  (the  VHF-TV  bands),  88-108  MHz  (the  standard  FM-radio  broad¬ 
cast  band),  about  150  and  450  MHz  (land-mobile  bands),  and  470-890  MHz 
(the  UHF-TV  bands).  The  signals  in  each  band  were  received  with  separ¬ 
ate  antennas  designed  specifically  for  each  band.  However,  measurements 
in  the  standard  AM-radio  broadcast  band  were  not  included  in  the  analy¬ 
ses  because  this  band  was  below  the  then  prevailing  10-MHz  lower  fre¬ 
quency  limit  of  the  1974  ANSI  standard. 

The  measured  field  strengths  at  each  site  were  integrated  over  the 
frequency  bands  (54  to  890  MHz)  included  in  the  analyses  and  converted 
into  equivalent  average  power  densities.  The  site  values  in  each  city 
were  then  used,  with  the  population  figures  for  the  census  enumeration 
districts,  in  a  statistical  model  designed  to  estimate  the  population- 
weighted  median  exposure  value  for  that  city,  and  for  calculating  other 
statistics  of  interest. 


The  population-weighted  median  value  for  each  city  was  defined  as  the 
average  power  density  at  or  below  which  half  the  population  of  the  city 
was  being  exposed.  The  estimates  were  based  on  the  assumption  that  the 
people  were  under  continuous  exposure  at  their  place  of  residence;  the 
estimates  did  not  endeavor  to  account  for  population  changes  since  the 
1970  census,  population  mobility,  exposure  at  heights  greater  than  6.4  m 
(20  ft),  attenuation  of  signals  by  buildings,  or  periods  of  time  when 
any  of  the  contributing  RFR  sources  were  not  transmitting.  The  fifteen 
cities  and  their  median  values  are  shown  in  Table  6: 
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TABLE  6:  ESTIMATED  POPULATION  EXPOSURES  FOR  15  U.S.  CITIES 
IN  MICROWATTS  PER  SQUARE  CENTIMETER 


Median  Percent  exposed  to  less  than 

City  exposure  1  microwatt  per  sq  cm 


Boston 

0.015 

98.50 

Atlanta 

0.016 

99.20 

Miami 

0.0070 

98.20 

Philadelphia 

0.0070 

99.87 

New  York 

0.0022 

99.60 

Chicago 

0.0020 

99.60 

Washington 

0.009 

97.20 

Las  Vegas 

0.012 

99.10 

San  Diego 

0.010 

99.85 

Portland  (Oregon) 

0.020 

99.70 

Houston 

0.011 

99.99 

Los  Angeles 

0.0048 

99.90 

Denver 

0.0074 

99.85 

Seattle 

0.0071 

99.81 

San  Francisco 

0.002 

97.66 

All  cities 

0.0048 

99.44 

It  is  seen  that  the  median  exposures  ranged  from  0.000002  mW/sq  cm 
(for  Chicago  and  San  Francisco)  to  0.000020  mW/sq  cm  (for  Portland, 
Oregon)  and  that  the  population-weighted  median  for  all  15  cities  was 
0.0000048  mW/sq  cm.  Also,  the  percentages  of  the  population  exposed  to 
less  than  0.001  mW/sq  cm  in  each  city  ranged  from  97. 2X  (for  Washington, 
D.C.)  to  99.99X  (for  Houston,  Texas),  with  a  mean  for  all  cities  of 
99.44X.  The  major  contributions  to  these  exposure  values  were  from  FM- 
radio  and  TV  broadcast  stations. 

The  EPA  also  measured  RFR  levels  at  sites  close  to  single  or  multiple 
RFR  emitters,  e.g.,  at  the  bases  of  transmitter  towers  and  at  the  upper 
stories  (including  the  roof)  of  tall  buildings  or  hospital  complexes  in 
the  vicinity  of  transmitter  towers.  At  the  base  of  an  FM  tower  on  Mt . 
Wilson,  CA,  the  fields  were  found  to  range  from  the  equivalent  of  about 
1  to  7  mW/sq  cm  (Tell  and  O'Brien,  1977).  Most  measurements  in  tall 
buildings  near  FM  and  TV  transmitters  yielded  values  well  below  0.01 
mW/sq  cm,  but  a  few  values  were  close  to  or  slightly  exceeded  0.2  mW/sq 
cm  (e.g.,  0.23  mW/sq  cm  on  the  ro  '  of  the  Sears  Building,  Chicago). 

In  Hawaii,  however,  considerably  higher  levels  were  recently  found  by 
EPA  and  FCC  personnel  in  a  few  sites  very  close  to  AM  (550  kHz  to  1.5 
MHz)  broadcast  towers  and  FM  (88-108  MHz)  broadcast  towers  (MICROWAVE 
NEWS,  January/February  1985).  Highest  levels  found  were  in  the  vicinity 
of  several  AM-broadcast  stations.  Next  to  a  tower  in  Kaimuki  having  one 
FM  station  and  three  AM  stations,  for  example,  the  maximum  AM  magnetic 
field  was  9  A/m,  the  square  of  which  is  about  32  times  higher  than  the 
1982  ANSI  standard  for  the  frequency  range  0.3-3  MHz.  Whether  transient 
or  intermittent  exposure  to  such  AM-RFR  levels  would  be  harmful  is  the 


subject  of  debate.  In  most  areas  accessible  by  the  general  public,  the 
levels  were  within  the  1982  ANSI  standard. 

REFERENCES: 

ACGIH 

THRESHOLD  LIMIT  VALUES  (TLV)  FOR  CHEMICAL  SUBSTANCES  AND  PHYSICAL  AGENTS 
IN  THE  WORK  ENVIRONMENT  WITH  INTENDED  CHANGES  FOR  1983-84 
Ann.  American  Conference  of  Governmental  Industrial  Hygienists,  Vol.  8, 
pp.  190-191  (1984) 

AFOSH  STANDARD  161-9 

EXPOSURE  TO  RADIOFREQUENCY  RADIATION 

Headquarters,  U.S.  Air  Force,  Washington,  DC  20330-5000  (1984) 

ANSI  C95. 1-1974 

SAFETY  LEVEL  OF  ELECTROMAGNETIC  RADIATION  WITH  RESPECT  TO  PERSONNEL 
Published  by  the  Institute  of  Electrical  and  Electronics  Engineers,  New 
York  (1974) 

ANSI  C95. 1-1982 

SAFETY  LEVELS  WITH  RESPECT  TO  HUMAN  EXPOSURE  TO  RADIO  FREQUENCY 
ELECTROMAGNETIC  FIELDS,  300  KHZ  TO  100  GHZ 

Published  by  the  Institute  of  Electrical  and  Electronics  Engineers,  New 
York  (1982) 

Czerski,  P. 

RADIOFREQUENCY  RADIATION  EXPOSURE  LIMITS  IN  EASTERN  EUROPE 
J.  Microwave  Power,  Vol.  20,  No.  4,  pp.  233-239  (1985) 

Elder,  J.A.  and  D.F.  Cahill  (eds.) 

BIOLOGICAL  EFFECTS  OF  RADIOFREQUENCY  RADIATION 

Final  Report  EPA-600/8-83-026F,  Environmental  Protection  Agency,  NC 
27711  (September  1984) 

EPA 

FEDERAL  RADIATION  PROTECTION  GUIDANCE;  PROPOSED  ALTERNATIVES  FOR 
CONTROLLING  PUBLIC  EXPOSURE  TO  RADIOFREQUENCY  RADIATION;  NOTICE  OF 
PROPOSED  RECOMMENDATIONS 

Federal  Register  (Part  II),  Vol.  51,  No.  146,  pp.  27318-27339  (30  July 
1986) 


Goldraann,  N. 

THE  ROLE  OF  "OCCUPATIONAL  HAZARD"  DEFINITIONS  IN  THE  ESTABLISHMENT  OF 
MICROWAVE  STANDARDS 

Abstracts  of  Bioelectromagnetics  Symposium,  Los  Angeles,  CA,  p.  2  (June- 
July  1982) 

GWEN 

GENERIC  ENVIRONMENTAL  ASSESSMENT  FOR  THE  GROUND  WAVE  EMERGENCY  NETWORK 
Office  of  Public  Affairs,  Electronic  Systems  Division,  Hanscom  AFB,  MA 
01731  (April  1985) 


Hankin,  N.N. 

THE  RADIOFREQUENCY  RADIATION  ENVIRONMENT:  ENVIRONMENTAL  EXPOSURE  LEVELS 

AND  RF  RADIATION  EMITTING  SOURCES 

U.S.  EPA  Technical  Report  EPA  520/1-85-014  (1985) 

Heynick,  L.N.  and  J.S.  Krebs 

USAFSAM  REVIEW  AND  ANALYSIS  OF  RADIOFREQUENCY  RADIATION  BIOEFFECTS 
LITERATURE 

USAF  School  of  Aerospace  Medicine,  Brooks  AFB,  TX,  Report  SAM-TR-81-2ca 
1-1 

4  (November  1981) 

Heynick,  L.N. 

USAFSAM  REVIEW  AND  ANALYSIS  OF  RADIOFREQUENCY  RADIATION  BIOEFFECTS 
LITERATURE:  SECOND  REPORT 

USAF  School  of  Aerospace  Medicine,  Brooks  AFB,  TX,  Report  SAM-TR-82-16 
(May  1982) 

Heynick,  L.N.  and  P.  Poison 

BIOEFFECTS  OF  RADIOFREQUENCY  RADIATION:  A  REVIEW  PERTINENT  TO  AIR  FORCE 
OPERATIONS 

USAF  School  of  Aerospace  Medicine,  Brooks  AFB,  TX,  Report  USAFSAM-TR-83 
1  (March  1983) 

Heynick,  L.N.  and  P.  Poison 

USAFSAM  REVIEW  AND  ANALYSIS  OF  RADIOFREQUENCY  RADIATION  BIOEFFECTS 
LITERATURE:  THIRD  REPORT 

USAF  School  of  Aerospace  Medicine,  Brooks  AFB,  TX,  Report  SAM-TR-84-6 
(March  1984a) 

Heynick,  L.N.  and  P.  Poison 

USAFSAM  REVIEW  AND  ANALYSIS  OF  RADIOFREQUENCY  RADIATION  BIOEFFECTS 
LITERATURE:  FOURTH  REPORT 

USAF  School  of  Aerospace  Medicine,  Brooks  AFB,  TX,  Report  SAM-TR-84-17 
(May  1984b) 

Heynick,  L.N.  and  P.  Poison 

USAFSAM  REVIEW  AND  ANALYSIS  OF  RADIOFREQUENCY  RADIATION  BIOEFFECTS 
LITERATURE:  FIFTH  REPORT 

USAF  School  of  Aerospace  Medicine,  Brooks  AFB,  TX,  Report  SAM-TR-85-7 
(March  1985) 

Horne,  R.A. 

BIOLOGICAL  EFFECTS  OF  CHEMICAL  AGENTS 
Science,  Vol .  177,  pp.  1152-1153  (1972) 

IRPA 

INTERIM  GUIDELINES  ON  LIMITS  OF  EXPOSURE  TO  RADIOFREQUENCY 
ELECTROMAGNETIC  FIELDS  IN  THE  FREQUENCY  RANGE  FROM  100  KHZ  TO  300  GHZ 
Health  Phys.  J.,  Vol.  46,  No.  4,  pp.  975-984  (1984) 


Janes,  D.E. ,  R. A.  Tell,  T.W.  Athey,  and  N.N.  Hankin 
RADIOFREQUENCY  RADIATION  LEVELS  IN  URBAN  AREAS 
Radio  Sci.,  Vol.  12,  No.  6S,  pp.  49-56  (1977) 

Janes,  D.E. 

RADIATION  SURVEY S - -MEASUREMENT  OF  LEAKAGE  EMISSIONS  AND  POTENTIAL 
EXPOSURE  FIELDS 

Bull.  N.Y.  Acad.  Med.,  Vol.  55,  No.  11,  pp.  1021-1041  (1979) 

Lilienfeld,  A.M.  and  D.E.  Lilienfeld 
FOUNDATIONS  OF  EPIDEMIOLOGY 

2nd  edition,  Oxford  University  Press,  New  York  and  Oxford  (1980) 

NCRP 

BIOLOGICAL  EFFECTS  AND  EXPOSURE  CRITERIA  FOR  RADIOFREQUENCY 
ELECTROMAGNETIC  FIELDS 

Report  No.  86,  NCRP  Publications,  Bethesda,  MD  20814  (1986) 

NIOSH 

RADIOFREQUENCY/MICROWAVE  OCCUPATIONAL  EXPOSURE  STANDARD  AND  RATIONALE, 
EXTERNAL  REVIEW  DRAFT 

National  Institute  for  Occupational  Safety  and  Health,  U.S.  Department 
of  Health  and  Human  Services  (1985) 

Savin,  V.M. ,  K.V.  Nikonova,  and  E.A.  Lobanowa 

NEW  TENDENCIES  IN  STANDARDIZATION  OF  MICROWAVE  ELECTROMAGNETIC  RADIATION 
Glgiena  Truda  i  Prof.  Zabolevaniya  (in  Russian),  No.  3,  pp.  1-3  (1983) 

Tell,  R.A.  and  P.J.  O'Brien 

AN  INVESTIGATION  OF  BROADCAST  RADIATION  INTENSITIES  AT  MT.  WILSON, 
CALIFORNIA 

Tech.  Note  ORP/EAD  77-2,  U.S.  Environmental  Protection  Agency  (1977) 
Tell,  R.A.  and  E.D.  Mantiply 

POPULATION  EXPOSURE  TO  VHF  AND  UHF  BROADCAST  RADIATION  IN  THE  UNITED 
STATES 

Proc.  IEEE,  Vol.  68,  No.  1,  pp.  6-12  (1980) 

WHO 

ENVIRONMENTAL  HEALTH  CRITERIA  16,  RADIOFREQUENCY  AND  MICROWAVES 
World  Health  Organization,  Geneva,  Switzerland  (1981) 


m  jsiui 


2 


INTERACTIONS  OF  RFR  WITH  BIOLOGICAL  ENTITIES 
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Interactions  of  electromagnetic  fields  with  biological  entities  often 
have  been  loosely  characterized  in  the  RFR-bioef fects  literature  as 
"thermal"  or  "nonthermal , "  usage  that  led  to  considerable  confusion  and 
controversy.  It  is  therefore  appropriate  to  provide  working  definitions 
of  these  terms  at  this  point,  with  the  understanding  that  the  boundary 
between  these  types  of  interaction  may  not  be  sharp  in  some  cases. 

The  interaction  of  an  agent  (e.g.,  RFR)  with  an  entity  (biological  or 
nonbiological)  can  be  characterized  as  thermal  if  the  energy  absorbed  by 
the  entity  is  transformed  at  the  absorption  site  into  heat.  Absorption 
of  heat,  in  turn,  is  defined  in  classical  thermodynamics  as  either  an 
increase  in  the  mean  random  speed  (or  kinetic  energy)  of  the  molecules 
at  the  site  (a  local  increase  in  temperature),  or  as  an  increase  in  the 
disorder  or  randomness  of  the  molecular  motion  (entropy)  unaccompanied 
by  an  increase  in  mean  kinetic  energy  (a  first-order  phase  change,  such 
as  the  process  involved  in  ice  melting  at  0  deg  C),  or  a  combination  of 
the  two  processes. 

An  entity  can  also  absorb  energy  at  specific  discrete  frequencies  in 
the  form  of  energy  packets  or  quanta,  with  each  quantum  yielding  up 
energy  to  the  entity  in  proportion  to  the  discrete  frequency  of  that 
quantum.  Although  large  numbers  of  molecules  can  be  involved,  quantum 
absorption  is  essentially  a  microscopic  phenomenon  in  that  the  consti¬ 
tuents  and  configurations  of  the  various  molecular  species  comprising 
the  entity  determine  the  specific  frequencies  or  characteristic  spectra 
at  which  such  absorption  can  occur.  The  kinds  of  interactions  involved 
in  such  absorption  are  of  varying  degrees  of  complexity  and  the  quantum 
energies  involved  cover  a  very  wide  range. 

Interactions  that  require  relatively  large  quantum  energies  include 
bond  disruption  within  or  between  molecules  and  excitation  of  molecules 
or  atoms  to  states  of  higher  electron  energy  (including  ionization). 

The  activation  energies  for  such  interactions  range  from  about  0.08 
electron  volts  (eV)  for  hydrogen-bond  disruption  to  about  10  eV  for 
ionization.  The  corresponding  quantum  frequencies  extend  from  about 
19,000  GHz  to  2.4  million  GHz  (Cleary,  1973).  However,  an  electro¬ 
magnetic  quantum,  at,  say,  100  MHz,  has  an  energy  of  0.42-millionths  of 
an  eV  or  about  5-millionths  of  the  energy  required  for  hydrogen-bond 
disruption,  so  RFR  quanta,  even  in  great  numbers,  are  most  unlikely  to 
be  involved  in  such  interactions. 

On  the  other  hand,  changes  of  molecular  orientations  and  configura¬ 
tions  that  do  not  alter  the  basic  identities  of  the  molecules  require 
much  lower  quantum  energies.  Indeed,  cooperative  interactions  occur 
among  subunits  of  molecules  within  biological  cells,  in  membranes  and 
other  cellular  structures,  and  in  extracellular  fluids;  in  such  inter¬ 
actions,  the  energy  absorbed  at  one  specific  site  in  a  structure  (in  a 
membrane  or  in  a  biological  macromolecule,  for  example)  may  not  be 
sufficient  to  disrupt  a  bond  but  could  alter  a  process  at  the  site  or 
elsewhere  in  the  structure,  or  trigger  a  function  of  the  structure  as  a 
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whole  by  release  of  the  energy  stored  in  the  structure,  thereby  pro¬ 
ducing  biological  amplification  of  the  incident  quantum  of  energy. 
Therefore,  it  has  been  postulated  that  such  interactions  could  occur  at 
frequencies  that  extend  down  into  the  RFR  range  as  defined  herein. 

All  quantum  interactions  such  as  those  mentioned  above  are  nonthermal, 
particularly  if  essentially  all  of  the  energy  absorbed  by  the  entity  is 
used  for  such  processes.  If  most  of  the  absorbed  energy  is  subsequently 
transformed  locally  into  heat  (as  defined  above),  however,  the  thermal- 
vs-nonthermal  distinction  becomes  blurred.  Pragmatically,  therefore,  to 
characterize  an  RFR  interaction  with  a  biological  entity  as  nonthermal 
requires  that  the  interaction  produce  an  effect  sharply  dependent  on  the 
specific  RFR  frequency  and  experimentally  distinguishable  from  heating 
effects  due  to  thermalization  of  the  RFR  energy  absorbed. 

It  has  been  widely  believed  that  since  interactions  of  an  incident 
field  on  a  complex  macromolecular  structure  such  as  a  membrane  are  non¬ 
linear,  thermal  equilibrium  would  be  quickly  attained  by  distribution  of 
the  incoming  energy  among  the  many  macromolecular  resonant  normal  modes 
of  the  structure.  However,  some  current  theories  suggest  that  the  in¬ 
coming  energy  can  be  periodically  exchanged  among  a  few  resonant  modes 
for  a  relatively  long  time  before  being  thermalized  in  the  sense  above, 
and  thereby  give  rise  to  effects  not  ascribable  to  heat  per  se. 

On  the  other  hand,  the  mean  thermal  energy  that  corresponds  to  the 
physiological  temperature  37  deg  C  is  about  0.027  eV,  with  a  relative 
maximum  at  about  6,500  GHz  and  a  classical  spectral  distribution  that 
encompasses  the  frequency  range  for  cooperative  nrocesses.  Therefore, 
as  a  counterargument  to  the  manifestation  of  such  nonthermal  effects  in 
vivo,  it  has  been  suggested  that  such  effects  would  be  swamped  by  those 
spontaneously  induced  thermally  in  vivo.  Alternatively,  separation  of 
such  RFR  interactions  from  those  thermally  induced  may  require  that  the 
rates  of  occurrence  of  the  former  exceed  the  rates  for  the  latter.  This 
requirement  implies  that  for  manifestation  of  such  effects  of  RFR,  the 
intensity  of  the  incident  field  must  exceed  minimum  values  or  thresholds 
related  to  the  specific  processes. 

2.1  THERMAL  INTERACTIONS  AND  SPECIFIC  ABSORPTION  RATES  (SARs) 

The  relative  magnetic  permeability  of  most  organic  constituents  is 
about  unity.  Therefore,  thermal  interactions  (as  defined  previously)  of 
RFR  with  a  biological  entity  are  dependent  on  the  complex-dielectric  and 
thermal  properties  of  its  constituents  and  their  distribution  within  the 
entity,  as  well  as  on  the  characteristics  of  the  RFR. 

Measurements  of  such  properties  were  made  some  years  ago  for  various 
mammalian  tissues,  blood,  cellular  suspensions,  protein  molecules,  and 
bacteria  over  the  spectral  region  from  about  10  Hz  to  20  GHz  by  Cook 
(1951,  1952)  and  by  Schwan  and  coworkers  (Schwan  and  Li,  1953;  Schwan 
and  Piersol,  1955;  Schwan,  1957;  1963).  In  general,  the  dielectric  con¬ 
stants  were  found  to  vary  inversely  with  frequency,  with  distinct  dis¬ 
persion  regions  ascribed  to  three  different  predominant  relaxation  mech- 


anisras.  In  the  low  and  intermediate  frequency  ranges  (from  about  10  Hz 
to  100  MHz),  the  properties  of  ceil  membranes  predominate  because  of 
their  large  specific  capacitances  (about  1  microf arad/sq  cm).  In  the 
range  above  about  10  GHz,  membrane  impedances  are  negligible,  and  the 
behavior  of  the  water  and  electrolyte  content  are  most  predominant. 

In  the  frequency  range  from  3  to  30  MHz,  the  dielectric  constant  of 
muscle  varies  from  about  360  to  about  110.  The  values  for  skin,  blood, 
and  other  tissues  with  high  water  contents  are  comparable.  The  values 
for  fat,  bone,  and  other  tissues  with  low  water  content  are  about  an 
order  of  magnitude  smaller  and  are  sensitive  to  the  amount  of  water  the 
tissues  contain.  From  about  300  MHz  to  about  10  GHz,  the  dielectric 
constants  of  skin,  muscle,  and  blood  vary  little  with  frequency.  The 
mean  dielectric  constants  of  these  three  constituents  are  about  40,  50, 
and  60,  respectively;  the  differences  in  values  are  largely  ascribable 
to  the  proportion  of  water  in  each  constituent,  since  the  dielectric 
constant  of  water  is  about  80. 

Subsequent  in-vitro  measurements  were  done  with  more  advanced  tech¬ 
niques  and  instrumentation  as  they  became  available.  Among  such  studies 
were  those  of  Lin  (1975),  Bianco  et  al.  (1979),  Schwan  and  Foster 
(1980),  Foster  and  Schepps  (1981),  and  Foster  et  al.  (1982).  Burdette 
et  al.  (1980)  and  Stuchly  et  al.  (1981)  measured  the  dielectric  prop¬ 
erties  of  various  animal  tissues  in  vivo  at  frequencies  up  to  10  GHz. 
Differences  in  dielectric  constant  and  electrical  conductivity  found 
between  in-vivo  and  in-vitro  measurements  of  similar  tissues  were  as¬ 
cribed  primarily  to  differences  in  water  content.  Stuchly  and  Stuchly 
(1980)  tabulated  data  for  the  range  from  10  kHz  to  10  GHz. 

Because  the  refractive  index  of  a  material  is  related  to  its  dielec¬ 
tric  constant,  electromagnetic  fields  are  reflected  and  refracted  at  the 
air-surface  interface  and  at  internal  boundaries  between  constituents  of 
widely  different  dielectric  properties  (for  example,  at  the  interfaces 
between  connective  and  fatty  tissues  or  between  a  body  cavity  and  the 
adjacent  tissues),  thereby  affecting  the  internal  field  distributions. 

At  an  air-muscle  interface,  for  example,  only  about  22X  of  the  incident 
power  density  of  100-MHz  RFR  is  transmitted  (the  rest  being  reflected), 
and  similarly,  about  41Z  and  46Z  are  transmitted  for  1-GHz  and  10-GHz 
RFR,  respectively.  The  corresponding  values  for  the  air-skin  interface 
are  approximately  the  same. 

At  an  air-surface  interface,  the  fraction  of  incident  energy  that  is 
not  reflected  enters  the  body  and  undergoes  partial  or  complete  absorp¬ 
tion.  The  attenuation  constant  of  any  material  (rate  of  energy  absorp¬ 
tion  per  unit  distance  along  the  propagation  direction)  is  proportional 
to  the  square-root  of  the  electrical  conductivity  of  the  material.  For 
muscle,  skin,  blood,  and  other  constituents  of  the  body,  conductivities 
increase  slowly  with  frequency  up  to  about  1  GHz,  and  rapidly  from  that 
frequency  upward.  The  concept  of  "penetration  depth"  (the  inverse  of 
attenuation  constant)  is  often  used.  For  homogeneous  isotropic  planar 
specimens,  the  penetration  depth  is  defined  as  the  distance  at  which  the 
electric-field  amplitude  is  1/e  (37X)  of  its  value  or  the  power  density 


is  l/(e-squared)  of  its  value  just  within  the  surface.  At  1  GHz,  for 
example,  the  penetration  depth  for  muscle  is  about  2.4  cm,  whereas  at 
about  10  GHz  and  higher,  field  penetration  is  confined  to  the  skin. 

Thus,  in  the  latter  frequency  range,  RFR  penetration  is  much  like  that 
of  sunlight. 

In  the  RFR-bioef fects  literature,  absorption  of  energy  from  an  inci¬ 
dent  electromagnetic  field  by  a  biological  entity  is  generally  quanti¬ 
fied  by  the  "specific  absorption  rate"  (SAR).  The  SAR  of  a  small  volume 
at  any  locale  within  an  entity  is  defined  as  the  rate  of  energy  absorp¬ 
tion  per  unit  volume  divided  by  the  mean  mass  density  of  the  constit¬ 
uents  in  that  volume,  and  is  usually  expressed  in  units  of  W/kg  or  mW/g 
(1  mW/g  -  1  W/kg).  The  local  value  of  SAR  thus  defined  at  any  site 
within  an  entity  depends  on:  the  characteristics  of  the  incident  RFR 
(carrier  frequency,  modulation,  amplitudes  and  directions  of  its  com¬ 
ponents);  the  spatial  distribution  of  complex-dielectric  and  thermal 
properties  of  the  entity  (including  those  of  the  site  and  its  location 
within  the  entity);  and  the  configuration  of  the  entity  and  its 
orientation  relative  to  the  RFR. 

For  entities  that  have  complex  shapes  and  large  spatial  variations  of 
constituents,  distributions  of  local  SAR  are  difficult  to  determine  by 
experiment  or  by  calculation.  Thus,  the  concept  of  "whole-body  SAR," 
which  represents  the  spatial  mean  value  for  the  body  (in  any  specified 
configuration  and  orientation)  is  useful  because  it  is  a  quantity  that 
can  be  measured  experimentally — e.g.,  by  calorimetry — without  the  need 
for  information  on  the  internal  SAR  distribution. 

Although  SAR  (local  or  whole-body)  by  this  definition  appears  to  be  a 
measure  of  RFR-absorption  as  heat  (true  in  most  cases),  it  is  also  used 
as  a  measure  of  internal  field  intensities  in  studies  characterized  as 
nonthermal,  in  which  the  heat  generated  by  the  RFR  is  negligible. 

After  the  SAR  concept  gained  acceptance,  many  investigators  calculated 
whole-body  SARs  for  relatively  simple  geometric  models  (homogeneous  and 
multilayered  spheroids,  ellipsoids,  and  cylinders)  having  masses  and 
dimensions  representative  of  various  species  (including  humans),  which 
were  assumed  to  be  exposed  (in  free  space)  to  linearly  polarized  plane 
waves  in  various  orientations.  In  some  studies,  such  calculations  were 
verified  experimentally. 

Many  important  results  of  such  theoretical  and  experimental  studies 
were  embodied  in  a  series  of  handbooks  (Johnson  et  al.,  1976;  Durney  et 
al.,  1978,  1980),  in  which  plots  are  presented  of  whole-body  SARs  (nor¬ 
malized  to  an  incident  power  density  of  1  roW/sq  cm)  vs  frequency  for 
three  major  orientations.  Such  plots  have  proved  useful  for  approximate 
frequency-scaling  and  interspecies  comparisons  of  whole-body  SARs.  A 
significant  finding  of  such  studies  is  that  the  largest  value  of  whole- 
body  SAR  is  obtained  when  the  longest  dimension  of  each  model  is  paral¬ 
lel  to  the  electric-field  component  (polarization  direction)  of  the  RFR 
and  when  the  wavelength  of  the  RFR  is  about  2.5  times  the  longest  dimen¬ 
sion.  The  frequency  corresponding  to  this  wavelength  is  often  referred 


to  as  the  "resonant  frequency"  for  that  species.  The  whole-body  SAR  for 
each  such  model  at  its  resonant  frequency  also  varies  inversely  with  the 
dimension  of  the  model  that  is  perpendicular  to  the  polarization  and 
propagation  directions  of  the  field.  Thus,  the  model  has  absorption 
characteristics  somewhat  similar  to  those  of  a  lossy  dipole  antenna  in 
free  space. 

Resonances  would  also  occur  for  circularly  polarized  RFR.  Such  RFR 
can  be  resolved  into  two  mutually  perpendicular  components,  each  having 
half  the  total  power  density.  Therefore,  an  entity  exposed  to  circular¬ 
ly  polarized  RFR  would  have  lower  resonant  SAR  values  than  it  would  have 
if  exposed  to  linearly  polarized  RFR  of  the  same  total  power  density. 

Plots  of  whole-body  SAR  versus  RFR  frequency  for  the  prolate-spheroid¬ 
al  homogeneous  model  of  an  "average"  or  "standard"  man,  about  5  ft  9 
inches  (1.75  m)  tall  and  weighing  about  154  lb  (70  kg),  are  given  in 
Durney  et  al.  (1978),  p.  78,  for  three  orientations  defined  as  follows: 
the  "E-orientation,"  in  which  the  long  axis  of  the  spheroid  is  parallel 
to  the  electric  vector  and  perpendicular  to  the  magnetic  vector  and 
propagation  direction;  the  "H-orientation, "  in  which  that  axis  is  paral¬ 
lel  to  the  magnetic  vector  and  perpendicular  to  the  electric  vector  and 
propagation  direction;  and  the  "K-orientation, "  in  which  that  axis  is 
parallel  to  the  propagation  direction.  The  resonant  frequency  (E-orien¬ 
tation)  for  this  model  of  a  man  is  about  70  MHz;  at  this  frequency,  the 

SAR  is  about  0.2  W/kg  for  an  incident  power  density  of  1  mW/sq  cm,  or 

about  1/6  of  his  resting  metabolic  rate,  or  1/21  to  1/90  of  his  metabo¬ 
lic  rate  for  exercises  ranging  from  walking  to  sprinting  (Ruch  and 

Patton,  1973). 

Similar  whole-body-SAR  plots  were  presented  in  Durney  et  al.  (1978), 
pp.  81  and  84  respectively  for  prolate-spheroidal  models  of  the 
"average"  woman  and  10-year-old  child  exposed  to  1  mW/sq  cm  of  plane- 
polarized  RFR.  The  average  woman  is  assumed  to  be  about  5  ft  3  inches 
(1.61  m)  tall  and  to  weigh  about  135  lb  (61.14  kg).  Her  resonant  fre¬ 
quency  is  about  80  MHz  and  her  whole-body  maximum  SAR  is  about  the  same 
as  for  the  man.  The  child  is  assumed  to  be  about  4  ft  6  inches  (1.38  m) 
tall  and  71  lb  (32.2  kg).  Its  resonant  frequency  is  still  higher,  about 
95  MHz;  its  whole-body  maximum  SAR  is  about  0.3  W/kg,  somewhat  larger 
than  for  the  adults.  It  is  noteworthy  that  all  three  maximum  SARs  are 
smaller  than  the  0.4-W/kg  value  used  as  the  basis  for  the  current  ANSI 
standard  (ANSI,  1982). 

To  illustrate  how  the  concept  of  whole-body  SAR  could  be  interpreted, 
consider  the  standard  model  man.  Absorption  of  RFR  energy  as  heat  by 
exposure  of  such  a  model  man  at  his  resonant  frequency  (70  MHz)  in  the 
E-orientation  to  an  average  power  density  of  1  mW/sq  cm  (SAR  0.2  W/kg) 
for  1  hr  would  produce  a  mean  body  temperature  rise  of  only  about  0.2 
deg  C  if  no  heat  removal  mechanisms  were  present  and  if  no  first-order 
phase  changes  were  involved. 

In  general,  the  whole-body  SAR  at  frequencies  (f)  below  resonance  in 
the  E-orientation  is  approximately  proportional  to  f-squared;  at  fre- 


quencies  above  resonance,  the  whole-body  SAR  is  approximately  propor¬ 
tional  to  1/f  for  about  one  decade  of  frequency  and  exhibits  smaller 
relative  maxima  (secondary  resonances)  at  higher  frequencies.  The  data 
from  which  such  plots  were  derived  can  be  used  to  calculate,  by  simple 
proportion,  the  incident  power  densities  necessary  to  produce  an  SAR  of 
0.4  W/kg.  Plots  of  power  density  versus  frequency  derived  in  this 
manner  are  higher  than  the  limits  of  the  current  ANSI  standard,  indica¬ 
ting  that  the  ANSI  limits  are  somewhat  more  stringent  than  such  data. 

Similar  data  for  a  prolate-spheroidal  model  of  a  "small"  rat  (0.14  m 
long  and  weighing  0.11  kg)  are  presented  in  Durney  et  al.  (1978),  p.  92. 
Not  only  is  the  resonant  frequency  in  the  E-orientation  (about  900  MHz) 
higher  than  any  of  the  values  for  humans,  but  the  resonant  SAR  is  also 
larger  (about  1.1  W/kg  for  the  rat,  compared  with  about  0.2  W/kg  for  the 
adult  human,  per  mW/sq  cm).  Therefore,  in  scaling  experimental  results 
from  animals  to  humans,  such  differences  of  whole-body  SAR  as  well  as 
frequency  must  be  considered. 

The  presence  of  a  ground  plane  or  other  reflecting  surfaces  shifts  the 
resonant  frequencies  downward  and  can  produce  higher  values  of  whole- 
body  SAR  at  the  lower  resonant  frequencies  (Gandhi,  1975;  Gandhi  et  al., 
1977;  Hagmann  and  Gandhi,  1979).  Hagmann  and  Gandhi  (1979)  showed  that 
for  a  homogeneous  block  model  (see  below)  of  "standard"  man  standing  in 
electrical  contact  with  a  perfectly  conducting  infinite  ground  plane, 
the  whole-body  resonant  frequency  (in  the  E-orientation)  is  shifted  from 
the  free-space  value  of  77  MHz  to  47  MHz.  Moreover,  the  whole-body  SAR 
at  47  MHz  is  32. 5%  higher  than  at  77  MHz.  However,  they  also  noted  that 
such  ground-plane  effects  are  largely  eliminated  if  conductive  contact 
with  the  ground  is  removed. 

The  foregoing  discussion  of  whole-body  SARs  is  also  largely  applicable 
to  modulated  RFR  (including  pulsed  RFR)  at  the  corresponding  carrier 
frequencies  and  time-averaged  incident  power  densities. 

Numerical  calculations  of  internal  spatial  distributions  of  SAR  have 
been  done  for  "block"  models.  In  such  models,  the  shape  of  the  body  is 
approximated  by  an  appropriate  arrangement  of  many  rectangular  cells  of 
various  sizes,  and  each  cell  is  assumed  to  be  biologically  homogeneous 
and  to  have  constant  internal  field  over  its  volume  when  the  model  is 
exposed  to  RFR.  In  addition,  the  biological  properties  ascribed  to  each 
cell  are  selected  to  approximate  those  of  the  tissues  in  corresponding 
locations  of  the  body  (Chen  and  Guru,  1977;  Hagmann  et  al.,  1979a,  1981; 
Chatterjee  et  al.,  1980).  More  accurate  values  of  whole-body  SAR  have 
been  obtained  with  such  models  than  from  simpler  ones. 

Block  models,  as  well  as  homogeneous  and  multilayered  spheroidal  and 
cylindrical  models  that  have  appropriate  electromagnetic  and  thermal 
characteristics  have  been  used  also  to  represent  various  parts  of  the 
body,  such  as  the  head  and  limbs  (Joines  and  Spiegel,  1974;  Weil,  1975; 
Lin,  1975;  Kritikos  and  Schwan,  1975,  1976;  Neuder  et  al.,  1976;  Wu  and 
Lin,  1977;  Rukspol lmuang  and  Chen,  1979;  Massoudi  et  al.,  1979;  Hagmann 
et  al.,  1979a,  1979b,  1981;  Janna  et  al.,  1980;  Spiegel  et  al . ,  1980; 
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Kritikos  et  al . ,  1981). 


An  early,  very  significant  finding  for  spherical  models  of  the  isola¬ 
ted  head  assumed  to  be  exposed  to  plane-wave  RFR  was  the  discovery  of 
local  regions  of  relative  maximum  SAR  values.  The  locations  of  such 
regions  depend  on  the  size  of  the  head,  the  electromagnetic  character¬ 
istics  of  its  layers,  and  the  wavelength  of  the  incident  field.  These 
regions  have  been  dubbed  "hot  spots,"  even  for  combinations  of  incident 
power  density  and  exposure  duration  that  would  produce  temperature  in¬ 
creases  at  such  spots  that  are  biologically  insignificant.  An  analysis 
of  a  homogeneous  lossy  spherical-head  model  (Kritikos  and  Schwan,  1975) 
showed  that  in  the  frequency  range  from  about  300  MHz  to  12  GHz,  there 
are  hot  spots  inside  spheres  having  radii  between  0.1  and  8  cm;  there 
are  also  internal  hot  spots  for  larger  radii  and  other  frequencies,  but 
the  hottest  spots  are  at  the  front  surface  (facing  the  RFR  source). 

Similar  results  were  obtained  for  multilayered  spherical  models  (Weil, 
1975;  Kritikos  and  Schwan,  1976).  Specifically,  Kritikos  and  Schwan 
(1976)  analyzed  two  such  models,  one  with  a  radius  of  5  cm  and  the 
other,  10  cm.  For  the  5-cm  head,  the  hot  spots  are  internal  over  the 
approximate  frequency  range  from  400  MHz  to  3  GHz.  The  highest  relative 
maximum  SAR  occurs  near  the  center  of  the  head  at  about  1  GHz,  and  has  a 
value  of  about  9  W/kg  for  an  incident  power  density  of  1  mW/sq  cm.  (Of 
course,  the  whole-head  SARs  are  considerably  lower.)  By  contrast,  for 
the  head  of  10-cra  radius  (about  that  for  an  adult  human  head),  no  deep 
internal  hot  spots  are  produced  at  any  frequency;  the  hot  spots  are 
always  at  or  just  beneath  the  front  surface. 

Rukspollmuang  and  Chen  (1979)  obtained  qualitatively  similar  results 
for  a  block  model  of  an  isolated  multilayered  spherical  head.  They  then 
studied,  at  918  MHz  and  2.45  GHz,  a  block  model  with  shape  and  internal 
structure  more  closely  approximating  that  of  the  human  head  (including 
eyes,  nose,  skull  bone,  and  brain),  and  found  that  much  of  the  energy 
within  the  head  would  be  absorbed  by  the  skull.  In  particular,  frontal 
exposure  of  the  more  accurate  model  at  918  MHz  would  yield  a  maximum  SAR 
for  the  brain  region  about  one-third  that  for  the  brain  region  of  a  7- 
cm-radius  multilayered  spherical  model.  Also,  for  frontal  exposure  of 
the  model  to  2.45  GHz,  the  induced  field  is  concentrated  primarily  near 
the  proximal  surface,  and  therefore  energy  dissipation  within  the  brain 
would  be  relatively  low. 

Hagmann  et  al.  (1979b)  calculated  SAR  distributions  in  the  attached 
head  of  a  block  model  of  the  human,  and  derived  the  whole-head  and 
whole-body  SARs  for  three  orientations  of  the  model  relative  to  the 
source  of  RFR.  For  f ront-to-back  propagation  with  the  long  axis  of  the 
body  parallel  to  the  electric  vector,  they  found  a  broad  head  resonance 
at  about  350  MHz,  with  a  whole-head  SAR  of  about  0.12  W/kg  per  mW/sq  cm; 
the  corresponding  whole-body  SAR  is  about  0.05  W/kg  per  mW/sq  cm.  For 
propagation  in  the  head-to-toe  direction,  a  sharper  head  resonance  at 
375  MHz  was  obtained,  with  whole-head  and  whole-body  SARs  respectively 
approximately  0.22  and  0.07  W/kg  per  mW/sq  cm. 
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Results  of  theoretical  analyses  of  whole-body  SARs  and  SAR  distribu¬ 
tions  have  been  verified  experimentally.  Physical  models  of  simple 
geometry  or  of  human-  or  animal-figurine  shape  were  constructed  from 
synthetic  biological  materials  of  electromagnetic  characteristics  about 
equivalent  to  their  corresponding  biological  constituents.  The  models 
were  exposed  to  RFR  at  power  densities  sufficient  to  produce  accurately 
measurable  temperature  increases,  which  were  measured  immediately  after 
exposure . 

To  use  available  sources  of  RFR  that  provide  only  specific  frequencies 
and  to  avoid  problems  of  exposing  large  full-scale  models,  smaller 
models  are  often  chosen  by  use  of  scaling  relationships  so  that  results 
of  exposing  such  smaller  models  at  the  available  frequencies  can  be 
extrapolated  to  obtain  results  on  full-size  models  at  other  frequencies 
of  interest.  Using  this  approach,  Guy  et  al.  (1976)  exposed  homogeneous 
human  figurines  having  lengths  <  ?  37.6  and  26.5  cm  (as  well  as  spheres 
and  ellipsoids)  at  approximately  143  MHz  to  simulate  exposures  of  full- 
size  figurines  (1.74  m  in  length)  at  31.0  and  24.1  MHz.  In  their  study 
of  head  resonances,  Hagmann  et  al.  (1979b)  exposed  human  figurines  with 
lengths  of  20.3,  25.4,  33.0,  and  40.6  cm  at  2.45  GHz,  to  correspond  with 
full-size  figurines  exposed  respectively  at  scaled  frequencies  of  284.5, 
355.6,  462.3,  and  569.0  MHz. 

A  technique  widely  used  to  determine  the  SAR  distributions  in  physical 
models  or  animal  carcasses  is  to  embed  such  an  object  within  Styrofoam, 
section  the  object  along  the  parting  planes  of  interest,  reassemble  the 
object,  and  expose  it  to  RFR.  Immediately  after  exposure,  the  spatial 
distribution  over  each  parting  plane  is  measured  with  scanning  infrared 
thermography.  However,  such  spatial  temperature  distributions  should 
not  be  regarded  as  in  direct  correspondence  with  the  in-vivo  internal 
temperature  distributions,  because  such  carcasses  and  physical  models 
have  heat  transfer  characteristics  much  different  from  those  of  live 
animals  and  do  not  possess  thermoregulatory  mechanisms.  Instead,  such 
measured  temperature  distributions  represent  reasonable  approximations 
to  the  distributions  of  internal  field  or  SAR. 

Guy  et  al.  (1976,  1977)  discovered  that  exposure  of  a  full-size  human 
figurine  to  an  electric  field  parallel  to  its  length  at  frequencies  in 
the  HF  band  yields  relatively  high  SARs  in  regions  of  the  body  where  the 
cross  section  perpendicular  to  current  flow  is  relatively  small,  such  as 
in  the  neck,  knees,  and  ankles.  In  addition,  exposure  of  the  figurine 
to  a  magnetic  field  perpendicular  to  the  frontal  plane  at  frequencies  in 
the  same  range  produces  eddy  currents  that  yield  relatively  high  SARs 
where  such  currents  are  forced  through  relatively  small  cross-sectional 
areas  or  are  diverted  by  sharp  angular  changes,  such  as  in  the  groin  and 
along  the  sides  of  the  body  near  the  ribs.  These  results  are  especially 
pertinent  to  near-field  exposure  situations,  for  which  it  is  necessary 
to  measure  the  spatial  variations  of  the  electric  and  magnetic  fields 
separately  because  their  amplitude  ratio  may  vary  from  point  to  point, 
and  the  field  components  may  not  be  perpendicular  to  one  another  and  to 
the  propagation  direction. 


Whole-body  (and  detached  whole-head)  SARs,  as  well  as  (attached)  part- 
body  SARs ,  were  measured  by  calorimetry  alone  or  in  conjunction  with 
scanning  infrared  thermography  by  Hunt  and  Phillips  (1972);  Kinn  (1977); 
Allen  and  Hurt  (1979);  Hagmann  et  al.  (1979b);  Olsen  et  al.  (1980). 
Whole-body  SARs  were  also  determined  in  waveguide  exposure  systems  by 
measuring  the  input,  output,  and  reflected  values  of  RFR  power  without 
and  with  the  object  present  and  performing  the  requisite  arithmetic  (Ho 
et  al.,  1973).  The  experimental  results  are  in  qualitative  agreement 
with  those  derived  from  the  theoretical  models. 

Burr  and  Krupp  (1980)  measured  real-time  temperature  increases  induced 
by  i.2-GHz  RFR  at  70  mW/sq  cm  in  homogeneous  spheres  (3.3-cm  radius);  in 
Macaca  mulatta  cadaver  heads  (attached  to  the  body  and  detached);  and  in 
living,  anesthetized  (attached)  heads  of  the  same  species.  They  used  a 
sensitive,  accurate  temperature  probe  (Bowman,  1976)  that  essentially 
does  not  perturb,  or  is  not  perturbed  by,  the  RFR.  The  bodies  of  the 
animals  were  exposed  with  their  longest  axes  parallel  to  the  electric  or 
magnetic  component  of  the  incident  RFR  (respectively  the  E-orientation 
or  H-orientation) .  The  results  indicated  that  temperature  distributions 
in  attached  cadaver  heads  vary  strongly  with  body  orientation.  They 
also  found  that  the  temperature  distribution  in  the  head  of  the  live 
animal  is  affected  by  blood  flow  in  a  complex  manner  not  adequately 
predicted  by  current  theoretical  models. 

Olsen  (1984)  measured  SARs  in  a  full-size  model  of  a  human  exposed  to 
far-field  2.0-GHz  RFR,  using  a  nonperturbing  temperature  probe  and  a 
gradient-layer  calorimeter.  Local  SARs  were  much  higher  in  the  limbs 
than  in  the  trunk,  and  the  whole-body  SAR  was  about  threefold  larger 
than  the  value  estimated  from  a  prolate-spheroidal  model.  The  author 
suggested  that  resonant  interactions  involving  the  limbs  may  account  for 
the  disparity. 

Hill  (1984a)  measured  the  whole-body  SARs  of  five  male  volunteers  at 
frequencies  in  the  range  3-41  MHz.  The  subjects  were  exposed  at  about 
0.01  mW/sq  cm  in  a  very  large  transverse  electromagnetic  (TEM)  cell, 
with  the  long  body  axis  parallel  to  the  electric  vector,  and  either  in 
profile  (EKH-polarization)  or  frontally  (EHK-polarization)  relative  to 
the  propagation  direction.  The  exposures  were  done  with  the  subjects 
ungrounded  or  grounded. 

With  the  humans  ungrounded,  the  SARs  were  found  to  be  about  40X  higher 
for  the  EKH-polarization  than  the  EHK-polarization,  but  only  about  6% 
higher  with  the  humans  grounded.  Results  were  also  presented,  showing 
that  the  method  used  in  making  electrical  contact  between  the  feet  and 
the  ground  plane  is  unimportant,  that  even  use  of  a  sheet  of  paper  to 
eliminate  direct  conductive  contact  did  not  affect  those  SARs.  Also 
reported  was  that  for  a  grounded  average  human  exposed  to  3-41  MHz  in 
the  EKH-polarization  to  the  power  densities  specified  in  ANSI  (1982), 
i.e.,  100  to  1  mW/sq  cm  in  the  range  3  to  30  MHz  and  1  mW/sq  cm  for  30- 
41  MHz,  the  SAR  over  most  of  the  frequency  range  is  0.58  +/-  0.14  W/kg, 
a  value  slightly  higher  than  the  0.4  W/kg  underlying  ANSI  (1982).  Hill 
(1984b),  however,  found  that  for  people  with  ordinary  footwear,  the  SARs 


are  about  half  those  for  grounded  humans  at  frequencies  below  resonance 
and  about  20%  lower  near  resonance,  and  thus  do  not  exceed  0.4  W/kg. 

Much  of  the  dosimetry  work  discussed  thus  far  was  done  for  actual  or 
assumed  exposures  to  far-field  (planar)  RFR.  Because  of  concern  with 
possible  hazards  from  the  use  of  RFR  in  broadcast,  industrial,  and 
biomedical  applications  in  which  personnel  are  occupationally  in  the 
near  field  of  the  RFR,  research  has  also  been  done  to  determine  SAR 
distributions  induced  in  such  exposure  situations  (Chatterjee  et  al., 
1980,  1981,  1982;  Iskander  et  al.,  1980;  Karimullah  et  al.,  1980; 
Spiegel,  1982;  Stuchly  et  al.,  1985a, b).  As  expected,  the  results  are 
sensitive  to  the  type,  location,  and  orientation  of  the  RFR  source,  as 
well  as  to  the  characteristics  of  the  RFR  and  the  properties  of  the 
biological  entity  exposed. 

2.2  QUANTUM  INTERACTIONS  AND  NONTHERMAL  EFFECTS 

The  literature  on  theories  of  direct  interactions  of  RFR  with  biolog¬ 
ical  entities  at  the  microscopic  level  (such  as  neurons  and  other  cells) 
is  extensive.  Mechanisms  of  interaction  have  been  proposed  to  account 
for  various  reported  effects  on  cellular  membranes,  microtubules,  DNA, 
and  other  intracellular  structures  and  constituents,  and  on  the  trans¬ 
port  of  various  ions  and/or  biomolecules  across  cell  membranes.  Topics 
such  as  these  have  been  addressed  in  various  symposia  and  review  arti¬ 
cles.  The  proceedings  of  several  symposia  have  been  published,  e.g., 
Taylor  and  Cheung  (1978,  1979),  Illinger  (1981),  and  Adey  and  Lawrence 
(1984) . 

A  recent  symposium  for  which  the  proceedings  were  not  yet  available  at 
this  writing  is  "Radiation  Field  Effects  as  Signal  Transducing  Mechan¬ 
isms  in  Biological  Systems,"  held  at  the  University  of  Texas  Health 
Science  Center  at  San  Antonio,  TX,  under  the  sponsorship  of  its  Depart¬ 
ment  of  Pharmacology  and  of  the  Air  Force  Office  of  Scientific  Research 
during  11-12  December  1985.  Review  articles  by  Cleary  (1973,  1977, 
1979),  Adey  (1981),  Lawrence  and  Adey  (1982),  Froehlich  (1980,  1982), 
and  Taylor  (1981)  are  representative. 

Theories  of  direct  RFR  interaction  have  been  proposed  and/or  used  to 
account  for  various  experimental  results  deemed  by  the  investigators  in 
many  cases  as  nonthermal.  Such  studies  will  be  discussed  later  herein 
under  several  appropriate  topic  headings  (Auditory  Effects,  Blood-Brain- 
Barrier  Effects,  Calcium  Efflux,  Erythrocyte  Studies,  Cellular  and 
Subcellular  Effects,  and  possibly  others). 

2.3  INTERACTIONS  OF  MODULATED  RFR 
2.3.1  SINUSOIDAL  AMPLITUDE  MODULATION 

The  effects  of  sinusoidally-amplitude-modulated  RFR  that  are  ascrib- 
able  to  average  power  density  per  se  (i.e.,  to  the  RFR-induced  heat)  do 
not  differ  from  those  for  CW  RFR  or  for  f requency-modulated-CW  (FMCW) 

RFR  at  the  same  carrier  frequency  and  power  density.  However,  studies 


have  been  conducted  with  sinusoidally-amplitude-modulated  RFR  of  speci¬ 
fied  characteristics,  in  which  effects  were  described  that  were  attribu¬ 
ted  to  the  frequency  of  the  amplitude  modulation  per  se,  as  well  as  the 
average  power  density,  notably  the  calcium-efflux  phenomenon.  This 
phenonemon  will  be  discussed  in  Section  3.4.4. 

2.3.2  RFR  PULSES  AT  LOW  DUTY  CYCLES 

The  temperature  increase  of  any  given  region  within  a  biological  en¬ 
tity  due  to  the  arrival  of  a  single  RFR  pulse  would  be  small  because  of 
the  relatively  large  thermal  time  constants  of  biological  materials  and 
the  operation  of  heat-exchange  mechanisms,  unless  the  total  energy  with¬ 
in  the  pulse  is  extremely  large  (high  enough  peak  power  density  and 
pulse  duration).  However,  if  the  region  contains  a  boundary  between 
layers  of  widely  different  dielectric  properties,  the  temperature  gra¬ 
dient  (rate  of  change  of  temperature  with  distance)  can  be  large  at  such 
a  boundary  even  if  the  mean  temperature  increase  in  the  region  is  small. 

A  well  known  phenomenon  that  occurs  in  vivo  is  perception  of  single 
pulses,  or  of  repetitive  pulses  of  RFR  that  are  short  relative  to  the 
duration  between  pulses  (low  duty  cycle),  as  apparently  audible  clicks, 
usually  called  the  "microwave-hearing"  or  "RFR-auditory"  effect.  The 
interaction  mechanisms  involved  are  not  yet  fully  understood.  However, 
most  of  the  experimental  results  tend  to  support  the  theory  that  pulse 
perception  occurs  because  of  transduction  of  the  electromagnetic  energy 
into  sound  pressure  waves  in  the  head  at  an  interface  between  layers  of 
widely  different  dielectric  properties  (e.g.,  at  the  boundary  between 
the  skull  and  the  skin  or  cerebrospinal  fluid).  The  energy  in  a  pulse 
arriving  at  such  a  boundary  is  believed  to  be  converted  into  an  abrupt 
increase  in  momentum  that  is  locally  thermalized,  producing  a  negligible 
volumetric  temperature  increase  but  a  large  temperature  gradient  across 
the  boundary.  Under  such  conditions,  rapid  local  differential  expansion 
would  occur  and  create  a  pressure  (sound)  wave  that  is  detected  by  the 
auditory  apparatus. 

The  RFR-auditory  effect  has  been  characterized  as  nonthermal  because 
the  average  power  density  can  be  minuscule.  Specifically,  the  time- 
averaged  power  density  for  any  two  successive  pulses  is  inversely  pro¬ 
portional  to  the  time  interval  between  the  arrival  of  the  pulses  at  the 
perceiver  and  this  interval  can  be  indefinitely  long  without  affecting 
the  perception  of  each  pulse.  For  this  reason,  the  time-averaged  power 
density  has  no  relevance  to  perception.  This  effect  and  postulated 
mechanisms  for  its  occurrence  will  be  discussed  more  fully  in  Section 
3. 1.4. 2. 

Pulsed  RFR  has  also  been  reported  to  produce  other  effects,  such  as 
alterations  of  the  blood-brain  barrier  and  behavioral  changes.  Such 
effects  will  be  discussed  in  Sections  3.4.1  and  3.7.1,  respectively. 
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3  PRESENT  STATE  OF  KNOWLEDGE  REGARDING  BIOLOGICAL  EFFECTS  OF  RFR 


3.1  STUDIES  OF  HUMANS 

3.1.1  EPIDEMIOLOGIC/OCCUPATIONAL  STUDIES 

Epidemiology  as  used  in  this  document  refers  to  studies  of  whether  one 
or  more  health-related  conditions  can  be  associated  statistically  with 
purported  or  actual  RFR  exposure  of  human  populations  (as  distinguished 
from  assessments  based  on  extrapolation  to  humans  of  experimental  data 
on  animals).  Epidemiologic  results  are  frequently  based  on  unknown  or 
imprecise  estimates  of  exposure  characteristics  (RFR  frequency,  power 
density,  and  duration).  The  extent  to  which  the  control  group  matches 
the  exposed  group  in  other  than  exposure  characteristics  is  sometimes 
open  to  question.  Because  adequate  matching  of  all  relevant  factors  ex¬ 
cept  exposure  is  the  basis  for  concluding  that  observed  differences  be¬ 
tween  groups  are  related  to  the  RFR  exposure,  the  selection  of  an  appro¬ 
priate  control  group  is  critical.  Despite  possible  limitations  such  as 
these,  epidemiologic  studies  do  provide  most  of  the  information  avail¬ 
able  on  possible  effects  of  actual  RFR  exposure  in  humans. 

Pazderova  (1971),  in  one  of  the  early  epidemiologic  studies  on  pos¬ 
sible  effects  of  RFR  conducted  in  Eastern  Europe,  reported  results  of 
medical  tests  carried  out  in  1969-1970  on  49  male  employees  (mean  age, 
31.8  years)  and  9  female  employees  (mean  age,  33.9  years)  of  TV  trans¬ 
mitter  stations  throughout  Czechoslovakia.  The  males  and  females  were 
employed  for  averages  of  7.3  and  6.9  years,  respectively,  and  repre¬ 
sented  two-thirds  of  all  persons  in  that  country  thus  employed.  The 
exposure  frequencies  ranged  from  48.5  to  230  MHz,  and  field  intensities 
(with  transmitter  operating  at  maximum  power  and  doors  open)  were  up  to 
9.2  V/m  (0.022  mW/sq  cm  free-space  equivalent  power  density)  with  a  mean 
of  2.9  V/m  (0.002  mW/sq  cm).  The  58  subjects  monitored  the  operation  of 
the  transmitters  during  most  of  their  working  shifts;  in  the  remaining 
periods,  they  recorded  and  adjusted  instrument  readings  and  performed 
routine  maintenance  on  the  transmitters.  The  shifts  varied  in  length 
but  averaged  40  hours  per  week. 

During  a  5-day  confinement  at  the  Clinic  of  Occupational  Diseases  in 
Prague,  the  medical  history  of  the  subjects  were  recorded,  with  some 
attention  also  to  their  social  histories  and  current  non-shift-related 
activities.  Each  subject  was  given  a  complete  medical  examination  that 
included  chest  x-rays  and  EKGs,  and  the  female  subjects  were  given  gyne¬ 
cologic  examinations.  The  data  collected  included  pulse  rate,  blood 
pressure,  and  blood-sugar  curves  (by  the  Hagedorn-Jensen  method),  which 
were  compared  with  data  for  corresponding  age  groups  in  the  Czechoslovak 
population.  Electrophoresis  was  used  to  determine  blood-protein  spectra 
(percentages  of  total  protein;  alpha-1,  alpha-2,  beta,  and  gamma  globu¬ 
lins;  and  albumin-globulin  ratio)  of  54  of  the  subjects,  and  samples  of 
venous  blood  were  used  for  complete  assays  (erythrocyte,  platelet,  total 
and  differential  leukocyte  counts;  hemoglobin  and  hematocrit).  The 
results  of  both  sets  of  tests  were  compared  by  t-test  with  data  for  a 
control  group  of  55  healthy  persons  of  mean  age  higher  by  6  years. 
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The  medical  histories  of  the  subjects  showed  no  preponderance  of  any 
specific  prior  disease  among  the  subjects,  which  "in  itself  excluded  the 
possibility  of  any  correlation  between  these  diseases  and  exposure,  and 
therefore  we  did  not  evaluate  them  statistically."  Four  males  exhibited 
hypertension.  In  two  of  them,  the  hypertension  was  of  the  juvenile 
type.  The  third  male,  60  years  old,  had  pronounced  signs  of  coronary 
insufficiency  and  not  readily  curable  hypertension,  and  the  fourth  male 
exhibited  an  anginal  syndrome  as  well  as  coronary  insufficiency;  both  of 
these  subjects  also  had  pathologic  EKGs;  in  all  four  subjects,  hyper¬ 
tension  had  been  diagnosed  prior  to  their  employment  with  TV  trans¬ 
mitters.  For  the  remaining  subjects,  the  difference  in  their  mean  blood 
pressure  and  that  of  the  control  group  was  nonsignificant  (p>0.05)  and 
no  pathologic  EKGs  were  found.  The  blood-sugar  level  was  pathologic 
only  in  the  60-year-old  subject  noted  above,  who  also  showed  signs  of 
general  arteriosclerosis.  The  gynecologic  examinations  were  pathologic 
for  four  of  the  female  subjects,  but  the  onset  of  the  ailments  preceded 
their  employment  and  apparently  did  not  impair  their  fertility. 

The  blood-protein  spectra  were  tabulated.  There  were  no  significant 
differences  between  exposed  and  control  groups  except  for  mean  total 
protein,  which  was  significantly  higher  (p<0.01)  in  the  exposed  group, 
and  mean  alpha-1  level,  which  was  also  significantly  higher  (p<0.05). 
Regarding  the  blood  assays,  mean  hemoglobin  was  barely  significantly 
higher  (p-0.05)  for  the  males  than  for  the  control  group,  but  the 
difference  in  hematocrit  was  nonsignificant  (p>0.05).  The  mean  total 
leukocyte  and  lymphocyte  counts  were  significantly  higher  in  the  exposed 
than  the  control  group,  but  the  leukocytosis  was  a  concomitant  symptom 
of  inflammation  of  the  upper-respiratory  or  urinary  tract  in  five  of  the 
subjects;  the  differences  between  the  remainder  of  the  exposed  group  and 
the  controls  were  nonsignificant. 

Also  performed  were  liver  tests  (total  and  direct  bilirubin,  glucose 
tolerance,  SGOT,  and  SGPT),  the  ESR  test,  urinalysis  and  microscopic  ex¬ 
amination  of  the  sediment.  The  results  were  pathologic  for  one  female 
who  had  and  was  under  treatment  for  chronic  liver  damage  and  pronounced 
hypercholesterolemia . 

Neurologic  examinations  were  given  to  56  of  the  subjects,  including 
EEGs,  with  close  attention  to  neurovegetative  [ autonomic-nervous-system] 
symptoms  (erythema,  Maranyon's  syndrome  [scoliosis  and  flatfoot,  with 
ovarian  insufficiency],  dermographism,  changes  in  acral  temperature  and 
sweating,  tremor  of  the  extended  fingers,  and  changes  of  pulse  rate  dur¬ 
ing  examination,  due  to  emotional  causes  or  respiratory  arrhythmia). 
Entirely  normal  neurologic  findings  were  obtained  for  29  (52X)  of  the 
subjects.  Abnormalities  of  various  types  characterized  by  the  author  as 
unquestionably  unrelated  to  RFR  exposure  were  seen  in  13  (23Z)  of  the 
subjects.  The  remaining  14  subjects  (25X)  showed  abnormalities  of  a 
vegetative  type,  3  subjects  (5X)  with  histories  preceding  exposure  and 
11  (20X)  without  apparent  exogenous  or  endogenous  cause.  By  comparison, 
16  of  57  members  (28X)  of  a  control  group  of  the  same  age  exhibited 
vegetative-type  abnormalities.  In  the  EEGs  of  the  exposed  group,  there 
were  no  statistically  significant  differences  in  the  distribution  of  the 
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normal,  abnormal,  and  pathologic  rhythms  as  compared  with  the  controls. 
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Forty-six  of  the  exposed  subjects  were  randomly  selected  and  underwent 
psychiatric  examination.  Of  these,  19  (41%)  had  no  psychic  disorder. 

On  the  basis  of  their  symptoms,  the  remaining  27  persons  (58.7%)  were 
classified  into  four  subgroups:  18  subjects  (39.1%)  with  minor  neurotic 
disturbances  that  did  not  affect  their  ability  to  work  or  life  style;  2 
subjects  (4.4%)  with  aberrant  and  psychopathic  personalities  tolerated 
by  themselves  or  their  environment;  5  persons  (10.8%)  with  aberrant  and 
psychopathic  personalities  with  neurotic  disturbances;  and  2  (4.4%)  who 
had  records  of  institutional  psychiatric  treatment  or  showed  psychotic 
traits  during  examination.  By  chi-square  test,  comparison  of  findings 
for  the  46  subjects  with  those  for  a  21-member  control  group  of  the  same 
age  and  educational  background  showed  no  significant  difference  between 
the  groups  and  no  correlation  of  findings  with  age  or  length  of  service. 
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All  67  subjects  also  completed  psychological  questionnaires  directed 
toward  the  detection  of  neurasthenic  symptoms.  Neurotic  complaints  were 
reported  less  frequently  in  the  exposed  than  the  control  group. 

An  ophthalmologist  examined  the  eyes  of  the  subjects,  including  the 
anterior  segment  of  the  eye  in  focal  light,  the  lens  under  artificially 
induced  mydriasis,  and  the  lens  refractive  power.  Intraocular  tension 
was  measured  in  the  subjects  older  than  40  years  and  the  field  of  vision 
was  checked  when  indicated.  The  ophthalmologic  results  were  compared  by 
t-test  with  those  for  a  control  group  of  106  healthy  persons  of  mean  age 
33.1  years.  Refractive  disorders,  including  presbyopia,  were  found  in 
15  subjects.  One  subject  had  chronic  conjunctivitis  and  another  small 
cataracts.  In  general,  the  results  were  more  favorable  than  in  the 
control  group,  but  the  difference  was  not  significant. 

The  author  stated:  "In  the  examined  subjects  we  found  no  sign  of 
damage  due  to  electromagnetic  radiation.  Among  the  laboratory  test 
results,  the  mean  plasma  protein  levels  were  significantly  increased. 
Even  though  we  do  not  regard  this  as  pathological,  the  possibility  of 
its  correlation  with  exposure  to  electromagnetic  radiation  cannot  be 
ruled  out.  The  other  test  results  did  not  differ  from  those  of  the 
control  groups." 
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In  a  later  study,  Pazderova  et  al.  (1974)  reexamined  the  effects  on 
blood-protein  levels  of  occupational  exposure  to  RFR  from  transmitters 
operating  in  the  TV  range  (60-300  MHz),  "SW"  range  (3-30  MHz),  and  "MW" 
range  (640-1500  kHz).  In  the  TV  range,  51  people  were  exposed  to  fields 
from  about  0.5  to  9  V/m  (0.0001  to  0.02  mW/sq  cm).  The  mean  age  of  the 
group  was  35.2  years  and  their  average  exposure  duration  was  10.4  years. 
In  the  SW  range,  19  people  with  a  mean  age  of  39.3  years  were  exposed 
for  an  average  of  16.8  years  to  about  66  V/m  (1.2  mW/sq  cm),  and  in  the 
MW  range,  39  people  with  a  mean  age  of  41.3  years  were  exposed  for  16.8 
years  to  about  55  V/m  (0.8  mW/sq  cm).  A  group  of  59  workers  (35.4  years 
mean  age)  served  as  controls. 


The  authors,  noting  that  the  exposed  persons  in  the  previous  study 
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came  from  all  parts  of  the  country  whereas  the  control  group  lived  in 
Prague  and  differed  in  their  living  standards,  habits,  and  nutrition, 
stated:  "The  control  group  was  chosen  from  the  same  regions  as  the  ex¬ 
posed  persons,  and  from  the  same  social  standard  and  living  conditions. 
The  only  difference  is  that  the  exposed  technicians  worked  in  irregular 
shifts,  while  more  than  half  of  the  people  in  the  control  group  only 
worked  morning  shifts,  but  we  have  not  found  any  data  in  the  literature 
describing  any  influence  of  irregular  shifts  on  the  blood  proteins." 

The  people  in  the  exposed  group  were  examined,  primarily  to  detect  and 
exclude  persons  with  diseases  known  to  influence  blood  chemistry,  and 
blood  was  taken  during  their  work  shifts  in  the  transmitting  stations. 
The  blood  sample  of  each  subject  was  examined  twice  in  the  laboratory 
(presumably  at  the  Clinic  of  Occupational  Diseases  in  Prague);  the 
differences  in  results  for  any  subject  did  not  exceed  1Z. 

The  results  showed  that  the  levels  of  blood  proteins  and  their  frac¬ 
tions  were  within  physiologic  limits,  both  mean  values  and  individual 
ones,  but  statistically  significant  differences  were  found  between  the 
mean  values  for  the  control  and  exposed  groups.  Total  blood  proteins 
were  significantly  higher  (p<0.05)  for  the  MW  group  than  the  control; 
the  alpha-one  globulin  values  for  the  MW  and  SW  groups  were  signifi¬ 
cantly  higher  (p<0.01)  for  all  three  exposed  groups  relative  to  con¬ 
trols,  with  the  greatest  elevation  for  the  SW  group.  The  alpha-two 
globulins  were  nons ignif icantly  (p>0.05)  different,  but  gamma-globulin 
was  depressed  for  the  TV  group  and  elevated  for  the  MW  group. 

The  authors  stated:  "Our  previous  findings  confirmed  the  data  from  the 
literature  on  the  existence  of  blood  protein  changes  in  persons  and 
experimental  animals  exposed  to  electromagnetic  radiation.  To  our  great 
surprise,  the  character  of  the  changes  diverged  from  those  so  far 
described,  as  we  did  not  find  any  elevation  of  gamma-globulin,  which  is 
considered  to  be  typical.  We  are  unable  to  explain  this  difference, 
unless  we  attribute  it  to  the  fact  that,  contrary  to  our  previous 
investigation,  blood  was  taken  directly  at  the  transmitting  stations 
immediately  after  exposure  to  electromagnetic  fields.  This  explanation 
still  remains  open  to  discussion.  The  more  pronounced  changes  in  radio 
technicians  might  be  ascribed  to  the  higher  and  longer  exposures  in 
comparison  with  TV  technicians." 

K1 imkova-Deutschova  (1974)  surveyed  530  persons  occupationally  exposed 
to  RFR  in  various  industries  in  Czechoslovakia.  From  these,  a  sample  of 
352  workers  was  selected  and  analyzed  by  computer  on  the  basis  of  119 
parameters,  and  divided  into  the  groups  quoted  below: 

"1.  Workers  engaged  in  metal  welding,  exposed  to  frequencies  ranging 
from  0.5  MHz  up  to  3.5-32  MHz  [levels  not  indicated]. 

2.  Workers  from  two  steel  factories  engaged  in  tempering  steel  and 
exposed  to  frequencies  of  0.45-150  MHz,  with  a  daily  exposure  of  50-112 
V/ra  (0.66-3.3  mW/sq  cm  free-space  equivalent  power  density),  and 
occasionally  400  V/m  (42  mW/sq  cm). 
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3.  Welders  of  plastics:  frequency  range  12-150  MHz,  daily  exposure  20- 
57.7  V/m  (0.11-0.88  mW/sq  cm). 

4.  Technicians  operating  television  transmitters  [frequencies  and  levels 
not  indicated]. 

5.  Workers  at  a  radio  transmitting  station  operating  at  a  wide  range  of 
frequencies,  from  6  MHz  up  to  30  MHz,  and  using  a  pulsed  field  system 
[pulse  characteristics  and  levels  not  indicated]. 

6.  Persons  exposed  to  radiation  in  the  3-13  cm  waveband  working  in 
industry  and  at  research  institutes  with  frequencies  ranging  from  3  GHz 
to  30  GHz.  Intensity  measurements  showed  permissible  levels  in  some 
places,  but  in  others  values  exceeding  the  permissible  level  ten  or  more 
times  were  found. 

7.  Persons  working  on  a  linear  particle  accelerator  [frequencies  and 
levels  not  indicated]. 

8.  A  mixed  group  which  included  the  administrative  staffs  of  two 
factories,  who  were  not  directly  exposed  to  nonionizing  radiation,  some 
workers  with  exposures  of  less  than  300  MHz  and  others  with  exposures  of 
300-800  MHz  [levels  not  indicated]." 

The  general  conclusions  of  the  author  are  quoted  below: 

"(1)  Confirmation  that  disturbances  of  the  nervous  system  may  be  divided 
into  three  main  stages:  (a)  the  neurasthenic  syndrome  with  autonomic 
disorders;  (b)  pseudoneurasthenia  with  similar  subjective  complaints, 
but  with  microsymptoms  of  an  organic  nature,  especially  in  motor 
systems;  and  (c)  very  rare  cases  of  encephalopathy. 

(2)  The  occurrence  of  contralateral  responses  to  cerebellar  [pyramidal] 
and  extrapyramidal  disturbances  facilitates  the  detection  of  early  signs 
of  extrapyramidal  syndromes,  which  are  identical  with  those  caused  by 
cerebellar  irritation. 

(3)  The  predominance  of  fatigue  in  certain  of  the  exposed  groups  was 
paralleled  by  a  reduction  in  vigilance,  as  noted  in  the  EEG  recordings 
and  in  earlier  studies  of  higher  nervous  functions. 

(4)  The  occurrence  of  synchronized  EEG  activity,  with  slow  rhythms  of 
high  amplitude  similar  to  those  seen  in  epileptic  seizures,  taken  in 
conjunction  with  the  clinical  and  biochemical  findings,  permits  the 
conclusion  that  the  involvement  of  the  nervous  system  is  localized  in 
the  mesodiencephal ic  region.  Such  activity  is  seen  in  persons  subjected 
to  high  levels  of  exposure,  particularly  in  the  form  of  a  pulsed  field. 

(5)  lossible  explanations  of  the  pathophysiology  include  direct 
penetration  of  the  radiation  into  the  roidline  structures  and  the  thermal 
effect  in  the  cisterna  magna,  which  would  explain  the  rare  cases  of 
arachnitis  of  the  posterior  fossae  and  the  cerebellar  phenomena.  The 
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rectangular  branching  of  the  blood  vessels  of  the  temporal  and  basal 
ganglia  explains  the  slowing  of  the  blood  stream  in  these  parts  of  the 
brain,  accompanied  by  reduced  oxygenation.  It  may  be  assumed  that  the 
subclinical  paroxysmal  activity  is  induced  by  alkalosis  resulting  from 
these  disturbances. 

(6)  The  nonthermal  effects  and  reversible  neurotic  manifestations  may  be 
attributed  to  the  interruption  of  synaptic  transmission  and  to  changes 
in  reflex  activity  under  enzymatic  influences." 

Specific  findings  included  EEG  disorders  (consisting  of  synchronized 
waves  of  high  amplitude  and  slow  rhythm)  and  biochemical  changes  (such 
as  elevation  of  fasting  blood  glucose,  serum  beta-lipoprotein,  and 
cholesterol).  The  changes  in  brain-wave  patterns  and  in  blood  sugar, 
protein,  and  cholesterol  levels  were  described  as  more  pronounced  in  the 
people  exposed  in  the  3-30  GHz  range. 

The  author  noted  that  "By  making  an  exact  evaluation  of  the  extent  of 
the  disturbances,  we  were  able  to  estimate  that  most  of  our  patients  had 
suffered  less  serious  injury  than  had  some  other  groups  working  with 
chemical  noxious  agents... A  special  feature  of  our  results  lies  in  the 
fact  that  when  the  investigations  were  started  preventive  measures  were 
not  strictly  observed  and  less  attention  was  paid  to  the  hazards  than  is 
the  case  today.  Nowadays,  strict  hygienic  supervision  of  working  places 
prevents  the  development  of  serious  organic  injury." 

In  presenting  the  results  of  this  study,  the  author  noted  whether  the 
differences  among  groups  for  specific  manifestations  were  statistically 
significant  at  the  5X  or  IX  level,  or  not  significant.  Numerical  data 
and  statistical  treatment  thereof  were  not  given,  however,  rendering  it 
difficult  to  evaluate  the  findings  or  accept  them  at  face  value. 

Kalyada  et  al.  ( 1 9 7 A )  reviewed  the  results  of  prior  studies  (mostly 
their  own),  in  which  they  clinically  examined  a  group  of  specialists 
(number  not  given)  under  40  years  old  in  the  USSR  exposed  to  "non¬ 
thermal  intensity  within  the  range  40-200  MHz"  by  working  with  RFR 
generators  for  1  to  9  years.  They  found  no  organic  lesions,  but  noted 
the  frequent  occurrence  of  functional  changes  in  the  central  nervous 
system  (52X),  the  principal  form  of  which  was  described  as  vegetative 
dysfunction  accompanied  by  neurasthenic  symptoms.  They  stated  that  the 
relationship  between  the  frequency  of  neurodynamic  disturbances  and 
duration  of  work  was  clear-cut. 

Several  of  the  manifestations  were  biphasic.  Specifically,  for  those 
employed  for  up  to  1  year,  the  level  of  thermal-receptor  activity  was 
higher  (about  160X  of  control  level),  and  the  temperature-sensitivity 
threshold  and  threshold  excitability  of  the  visual  analyzer  were  both 
lower  (80X  and  50X  of  respective  control  levels).  By  contrast,  for 
those  employed  for  3  to  9  years,  the  level  of  thermal-receptor  activity 
was  lower  (about  60X  of  control  level)  and  the  temperature-sensitivity 
threshold  and  threshold  excitability  of  the  visual  analyzer  were  both 
somewhat  higher  (about  110X  and  120X  of  respective  control  levels.) 


Among  the  specific  changes  reported  were  deviations  in  physicochemical 
and  functional  properties  of  erythrocytes  and  leukocytes,  including 
lower  osmotic  resistance  of  leukocytes  and  lower  phagocytic  reaction 
that  led  to  weakened  immunobiolog ical  reactivity. 

The  authors  also  stated:  "Experimental  data  obtained  in  volunteers 
under  laboratory  conditions  of  irradiation  mimicking  industrial  variants 
revealed  certain  principles  concerning  general  physiologic  responses  of 
the  human  body  towards  electromagnetic  fields.  The  thermoregulatory 
system,  some  systems  of  hemodynamics  and  thermal,  optical  and  auditory 
analysers  proved  most  functionally  reactive  and  sensitive  to  the  influ¬ 
ence  of  experimental  irradiation.  The  dynamics  of  functional  deviations 
were  compared  with  those  accompanying  the  presumed  action  of  the  factor. 
The  irradiation  was  systematic  with  daily  15  min  exposures  and  the  30 
days'  duration  of  each  series  of  treatments.  The  ambient  temperature 
ranged  from  22.6  to  23.4  deg  C  with  relative  humidity  of  40-461.  The 
results  showed  that  some  functional  deviations  took  place  during  irrad¬ 
iation,  while  others  followed  it.  The  skin  temperature  of  distal  parts 
of  the  body  (hands,  feet)  was  elevated  during  the  whole  period  of  actual 
irradiation  with  simultaneous  intensification  of  heat  loss  through  emis¬ 
sion  and  demobilization  of  heat  receptors.  The  number  of  active  cold 
receptors  sharply  increased." 

No  RFR  intensity  values  were  given  for  either  the  specialists  or  the 
volunteers.  Most  of  the  findings  were  presented  in  narrative  form,  with 
no  actual  data  cited.  Bar  graphs  showing  changes,  relative  to  controls, 
of  a  few  specific  parameters  with  exposure  duration  were  given,  such  as 
the  biphasic  manifestations  mentioned  above,  but  the  control  group  used 
for  comparison  was  not  described  and  no  statistical  treatment  of  the 
results  was  presented.  Consequently,  this  paper  per  se  yielded  little 
basis  for  affirming  or  denying  the  occurrence  of  adverse  effects  of 
occupational  or  laboratory  exposure  of  humans  to  RFR.  (Translations  of 
papers  on  prior  studies  cited  by  the  authors  were  not  available.) 

Sadchikova  (1974)  presented  clinical  observations  on  the  health  status 
of  two  groups  of  USSR  workers  engaged  in  the  regulation,  tuning,  and 
testing  of  diverse  equipments  emitting  RFR  at  unspecified  "microwave" 
frequencies.  Both  groups  were  comparable  with  respect  to  sex  and  age, 
but  differed  in  intensity  of  exposure  and  duration  of  work.  Those  in 
the  first  group  (1000)  were  exposed  at  levels  up  to  a  few  mW/sq  cm, 
whereas  those  in  the  second  group  (180)  were  exposed  to  values  rarely 
exceeding  several  hundredths  of  a  mW/sq  cm;  exposures  to  higher  levels 
could  have  occurred  during  extremely  short  periods.  Young  men  with  long 
histories  of  employment  (5-15  years)  with  microwave  sources  predominated 
in  both  groups.  Some  nervous  tension  during  work  could  not  be  excluded. 
A  group  of  200  people  matched  with  respect  to  sex,  age,  and  character  of 
work  processes  that  did  not  involve  RFR  exposure  served  as  controls. 

Reported  on  as  bar-graphs  with  standard-error  bars  for  each  group  were 
percentage  changes  in  16  symptoms:  five  "neurologic"  (head  heaviness, 
tiredness,  irritability,  sleepiness,  and  partial  loss  of  memory);  six 
"autonomic-vascular"  (inhibited  dermographism,  expressed  dermographism, 


hyperhidrosis ,  bradycardia  based  on  pulse  rate,  arterial  hypotension, 
and  arterial  hypertension);  and  five  "cardiac"  symptoms  (cardiac  pain, 
dullness  of  the  heart  sounds,  systolic  murmur,  bradycardia  by  EKG,  and 
lowering  of  deflections  T-I  and  T-II). 

For  the  higher-RFR  group,  the  percentage  changes  were  larger  than  for 
the  control  group  for  all  symptoms  except  arterial  hypertension,  which 
was  about  the  same.  All  of  the  percentages  for  the  lower-RFR  group  were 
also  higher  than  for  the  control  group,  except  for  arterial  hypotension, 
which  again  was  about  the  same.  For  11  of  the  16  symptoms,  however,  the 
percentage  changes  were  larger  for  the  lower-RFR  group  than  the  higher- 
RFR  group.  The  authors  did  not  provide  statistical  analyses  of  these 
results,  but  from  the  standard-error  bars  shown,  some  of  the  differences 
between  each  RFR  group  and  the  control  group  and  between  the  two  RFR 
groups  appeared  to  be  significant. 

Eye  examinations  with  the  slit  lamp  revealed  some  lens  opacities, 
mainly  in  the  cortical  layer  and  in  superficial  layers  of  the  mature 
nucleus  along  its  equator;  only  single  opacities  were  found  in  the 
center.  The  numbers  of  opacities  for  the  RFR  groups  did  not  exceed 
control  values.  However,  the  opacities  progressed  with  increasing 
duration  of  exposure.  A  few  subjects  of  the  higher-RFR  group  who  were 
said  to  have  worked  under  unspecified  "unfavorable"  conditions  developed 
cataracts.  It  seems  likely  that  these  persons  had  been  exposed  to  power 
densities  in  excess  of  the  cataractogenesis  threshold  (see  Section 
3  . 1 . 4 . 1 )  . 

The  authors  described  the  "asthenic  syndrome"  in  detail,  based  on 
prior  work  as  well  as  the  results  discussed  in  the  paper.  The  progres¬ 
sion  of  "microwave  sickness"  in  100  cases  was  described  in  a  table  in 
the  paper;  the  text  predicted  little  chance  for  recovery  without  patient 
removal  from  the  work  environment.  However,  symptomatology  similar  to 
asthenic  syndrome  or  microwave  sickness  has  not  been  reported  in  Western 
studies,  so  it  is  difficult  to  accept  these  USSR  findings  at  face  value. 

Siekierzynski  (1974)  examined  the  health  status  and  fitness  for  work 
of  841  men  in  Poland  of  ages  20  to  45  years  who  were  occupationally  ex¬ 
posed  to  pulsed  RFR  "of  various  frequencies  within  the  whole  range  used 
in  radar  operations"  (other  characteristics  not  specified)  during  work¬ 
ing  hours  for  2  to  16  years,  depending  on  age.  (By  regression  analysis, 
a  high  degree  of  correlation  between  age  and  duration  of  employment  was 
found).  Of  these,  507  were  exposed  at  average  power  densities  exceeding 
0.2  mW/sq  cm  (group  I).  The  men  "worked  both  in  closed  rooms  and  in  the 
open,  observing  typical  individual  protective  measures  according  to  the 
regulations  of  work  safety  and  hygiene  existing  in  this  country."  The 
remaining  334  men  (group  II)  were  exposed  at  the  same  installations  to 
less  than  0.2  mW/sq  cm.  The  author  noted  that  exposure  group  II  was 
selected  for  comparison  because  it  was  difficult  to  find  an  unexposed 
group  who  worked  under  otherwise  similar  specialized  conditions.  The 
hygienic  factors,  however,  i.e.,  type  and  intensity  of  various  stress 
factors,  changes  in  circadian  cycle,  noise  intensity,  temperature  and 
humidity  of  the  rooms,  etc.,  were  comparable  in  the  two  groups. 


All  examinations  were  performed  in  the  same  clinic;  the  tests  included 
ophthalmoscopy  by  slit-lamp  and  neurologic  checkups  supplemented  with 
psychological  tests  and  EEG  recordings.  After  completion  of  clinical 
observation  and  possible  treatment,  a  decision  was  made  on  each  person 
regarding  his  fitness  for  further  work  in  RFR  environments.  The  author 
noted  that  only  data  for  the  most  frequent  problems  were  presented  in 
this  paper.  The  numbers  of  persons  in  each  group  were  tabulated  with 
regard  to:  (1)  fitness  for  work  in  four  categories  (able  to  work  or  un¬ 
fit  because  of  ophthalmic,  functional,  or  "other"  disorders);  (2)  inci¬ 
dence  of  functional  disorders  in  four  categories  (none,  neurosis,  gas¬ 
trointestinal  disorder,  abnormal  EKG);  and  (3)  lens  translucency  (graded 
as  1,  2,  or  3  degrees). 

The  mean  percentages  of  occurrence  and  standard  deviations  of  each 
fitness-,  functional-disorder-,  and  lens-translucency  characteristic  in 
each  group  were  determined,  and  their  correlations  with  duration  of  em¬ 
ployment  and  age  were  analyzed  statistically  by  Student's  t-test  and 
Fisher's  F-test,  with  significance  taken  at  the  5X  level.  The  results 
of  those  analyses  were  presented  in  a  set  of  tables.  For  both  groups, 
there  was  no  statistically  significant  correlation  between  the  causes  of 
unfitness  for  work  and  duration  of  employment.  Found  within  each  group, 
however,  was  a  significant  correlation  between  lens  translucency  and 
age.  Also  significant  was  a  correlation  between  lens  translucency  and 
duration  of  employment  but  only  for  group  I,  the  group  with  the  greatest 
pulsed-RFR  exposure. 

In  summary,  the  findings  of  this  study  were  negative  with  regard  to 
the  the  effects  of  occupational  exposure  to  RFR  on  the  health  status  of 
either  group.  Additional  details  regarding  specific  aspects  of  this 
study  were  presented  in  three  other  papers:  Czerski  et  al.  (1974)  and 
Siekierzynski  et  al.  (1974a, b).  Indicated  therein  was  that  the  maximum 
exposure  level  of  group  I  was  6  mW/sq  cm  "...during  short  periods  of 
time,  according  to  Polish  rules  about  safe  exposure"  (Siekierzynski  et 
al.  1974a). 

Robinette  and  Silverman  (1977),  in  a  study  of  males  (mostly  white)  who 
had  served  in  the  Navy  during  the  Korean  War,  selected  19,965  equipment- 
repairmen  as  having  had  occupational  exposure  to  RFR  on  the  basis  of 
their  titles  of  Electronics  Technician,  Fire  Control  Technician,  or 
Aircraft  Electronics  Technician.  For  comparison,  the  authors  selected, 
and  denoted  for  brevity  as  the  "control  group,"  20,726  Naval  equipment- 
operation  men  who,  by  virtue  of  their  titles  of  Radioman,  Radarman,  or 
Aircraft  Electrician's  Mate,  presumably  had  little  occupational  exposure 
to  RFR.  The  mean  age  of  the  control  group  was  about  1.5  years  lower 
than  of  the  exposed  group.  Used  in  the  study  were  extant  records  of 
mortality  for  1955-1974,  in-service  morbidity  for  1950-1959,  morbidity 
for  1963-1976  in  Veterans  Administration  hospitals,  and  records  of  both 
granted  and  disallowed  requests  in  1976  for  disability  compensation. 

Only  mortality  results  were  presented  in  this  paper.  There  were  619 
deaths  (3. IX)  from  all  causes  in  the  exposed  group  versus  579  deaths 
(2.8X)  in  the  control  group;  the  difference  was  not  statistically  signi- 
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ficant.  The  authors  noted  that  the  death  rates  of  both  groups  were 
lower  than  for  the  comparable  age-specific  white  males  (937  and  916)  in 
the  U.S.  population  at  large. 


These  decedent  data  showed  no  significant  difference  between  exposed 
and  control  groups  in  deaths  from  all  disease,  respectively  311  (1.6X) 
and  321  (1.5%),  both  significantly  lower  than  for  corresponding  groups 
in  the  age-specific  white  male  population,  but  the  death  rate  from  trau¬ 
ma  was  significantly  higher  (p<0.01)  in  the  exposed  than  the  control 
group,  295  (1.5%)  vs  247  (1.2%).  When  the  trauma  deaths  were  divided 
into  accident  (motor-vehicle  and  "other"),  suicide,  and  homicide  cate¬ 
gories,  the  only  significant  difference  (p<0.01)  between  exposed  and 
control  groups  was  in  the  "other-accident"  category,  130  (0.65%)  vs  70 
(0.34%).  Examination  of  the  death  certificates  and  other  mortality  in¬ 
formation  about  the  men  in  the  exposed  group,  however,  showed  that  many 
had  died  in  military-aircraft  accidents  after  the  Korean  War,  presumably 
because  more  of  them  later  became  flying  officers  (5.3%  vs  2.3%). 

The  deaths  from  disease  were  divided  into  the  following  categories: 
all  malignant  neoplasms;  cardiovascular  (including  vascular  lesions  of 
the  central  nervous  system  [strokes],  and  arteriosclerotic  heart); 
chronic  nephritis,  other  renal;  influenza  and  pneumonia;  and  cirrhosis 
of  the  liver.  In  all  these  categories,  the  total  numbers  were  less  than 
those  in  the  U.S.  age-specific  white  male  population.  Also,  none  of  the 
differences  in  total  numbers  between  the  exposed  and  control  groups  was 
significant,  but  the  numbers  of  deaths  associated  specifically  with  ar¬ 
teriosclerotic  heart  disease  were  8  (0.04%)  vs  26  (0.13%),  i.e.,  signi¬ 
ficantly  lower  (p<0.05)  in  the  exposed  group.  The  mortalities  from 
cancer  were  also  divided  into  various  categories,  but  there  were  no 
significant  differences  between  exposed  and  control  groups. 

Silverman  (1979),  in  a  review  of  RFR-epidemiolog ic  studies,  included 
this  one  of  Naval  personnel  (with  the  two  groups  called  "high-exposure" 
and  "low-exposure"  and  with  144  and  55  additional  men,  respectively). 

The  author  noted:  "There  have  been  enough  accidental  exposures  at  esti¬ 
mated  levels  exceeding  100  mW/sq  cm  to  indicate  that  there  are  occupa¬ 
tions  in  which  some  men  at  some  times  on  certain  classes  of  ships  have 
been  exposed  well  in  excess  of  the  [then]  10  mW/sq-cm  limit  [citing 
Glaser  and  Heimer,  1971]."  Also  noted:  "Shipboard  monitoring  programs 
in  the  Navy  since  1957  show  that  men  in  other  occupations  rarely,  if 
ever,  were  exposed  to  doses  in  excess  of  this  limit.  Radiomen  and  radar 
operators  (our  low-exposure  group),  whose  duties  keep  them  far  from 
radar  pulse  generators  and  antennae,  were  generally  exposed  to  levels 
well  below  1  mW/sq  cm,  whereas  gunfire  control  technicians  and  electron¬ 
ics  technicians  (our  high-exposure  group)  were  exposed  to  higher  levels 
in  the  course  of  their  duties." 

Individual  personnel  records  were  used  (in  addition  to  assessing  occu¬ 
pation)  to  determine  length  of  time  in  occupation,  class  of  ship,  and 
power  of  equipment  on  the  ship  at  the  time  of  exposure,  but  because  of 
cost  and  time  considerations,  these  were  done  only  for  the  men  in  the 
high-exposure  occupations  who  had  died  from  nonaccidental  causes  and  for 
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a  randomly  selected  5%  sample  of  living  men  in  the  same  occupations. 

From  this  information,  an  index  of  potential  RFR  exposure  called  the 
Hazard  Number  was  constructed  for  each  man,  defined  as  the  product  of 
the  number  of  months  of  assignment  to  a  ship  or  aircraft  with  the  sum  of 
the  power  ratings  of  all  the  gunfire-control  radars  aboard  that  ship  or 
of  all  the  search  radars  aboard  that  aircraft. 

The  percentages  of  men  with  high  values  of  Hazard  Number  were  much 
larger  for  the  occcupations  Fire  Control  Technician  and  Aircraft  Elec¬ 
tronics  Technician  than  for  Electronics  Technician.  However,  the  author 
did  not  present  comparisons  of  mortality  data  among  them. 

Silverman  (1979)  concluded:  "Differential  health  risks  associated  with 
potential  occupational  exposure  to  radar  in  the  Navy  more  than  20  years 
ago  are  not  apparent  with  respect  to  long-term  mortality  patterns  or 
hospitalized  illness  around  the  period  of  exposure,  two  endpoints  for 
which  there  is  virtually  complete  information  for  the  total  study  group. 
Later  hospitalization  (in  Veterans  Administration  facilities  only)  and 
awards  for  service-connected  disability,  the  two  other  endpoints  exam¬ 
ined,  provide  incomplete  information.  While  some  significant  differ¬ 
ences  among  the  occupational  groups  classified  by  level  of  potential 
exposure  have  been  found  with  respect  to  all  endpoints  studied,  the 
differences  could  not  be  interpreted  as  a  direct  result  of  microwave 
exposure . " 

Morbidity  data  and  other  health-related  aspects  were  not  presented  in 
either  paper,  but  Silverman  (1979)  noted  the  possibility  that  effects 
involving  the  cardiovascular,  endocrine,  and  central  nervous  systems  may 
be  transient  and  may  disappear  shortly  after  termination  of  exposure  or 
not  produce  symptoms  that  warrant  hospitalization. 

The  information  above  was  also  presented  in  Robinette  et  al.  (1980). 

In  addition,  the  numbers  of  admissions  to  Naval  hospitals  during  1952- 
1959  (except  for  1955,  for  which  the  files  were  not  available)  and 
admission  rates  (per  1000  per  year)  for  men  in  the  low-exposure  and 
high-exposure  groups  were  tabulated  by  diagnosis  (per  International 
Classification  of  Diseases).  Of  18  comparisons  between  groups,  only  two 
were  significant:  the  low-exposure  group  had  larger  admission  rates  for 
mental  disease  (p<0.001)  and  for  accidents,  poisonings,  and  violence 
(p<0.01)  than  the  high-exposure  group.  For  no  disease  class  was  the 
admission  rate  of  the  high-exposure  group  significantly  larger  than  of 
the  low-exposure  group. 

Data  were  also  obtained  for  admissions  and  admission  rates  to  Veterans 
Administration  (VA)  hospitals  during  1963-1976,  but  it  was  evident  that 
admissions  to  VA  hospitals  comprised  only  small  fractions  of  hospital 
care  of  these  veterans,  which  precluded  drawing  any  firm  conclusions. 
Also  examined  were  the  numbers  and  rates  (per  thousand)  of  men  who  re¬ 
ceived  VA  compensation  in  December  1976  by  diagnosis  and  exposure  class. 
The  only  statistically  significant  difference  was  for  mental  conditions, 
7.1  per  thousand  for  the  low-exposure  group  vs  4.8  per  thousand  for  the 
high-exposure  group  (p<0.01). 
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In  a  letter,  Morton  (1981)  questioned  the  basis  used  for  selecting  the 
high-exposure  and  low-exposure  groups,  stating:  "Is  it  possible  that  no 
suitable  controls  existed  among  personnel  assigned  to  shipboard  duty?" 

In  response,  Robinette  (1981)  noted  that:  "A  search  for  men  of  similar 
educational  attainment,  aptitude  for  technical  work,  and  training  by  the 
Navy  in  their  occupation,  led  to  the  selection  of  the  equipment  opera¬ 
tors  as  members  of  the  potential  low-exposure  cohort.  The  duties  of 
these  men  required,  for  the  most  part,  that  they  be  below  decks  in  areas 
where  equipment  was  not  being  repaired  and  which  were  not  traversed  by 
operating  radars." 

The  U.S.  Embassy  in  Moscow  was  subjected  to  RFR  from  1953,  the  year 
after  the  United  States  moved  its  chancery  to  Chekovsky  Street,  until 
February  1977  (Pollack,  1979).  The  presence  of  RFR  had  been  detected 
intermittently  before  1962,  during  routine  surveillance  of  the  building; 
continuous  monitoring  of  the  signals  was  instituted  during  that  year. 

Details  regarding  signal  frequencies,  characteristics,  irradiation 
durations,  and  average  power  densities  (or  equivalent  field  intensities) 
at  various  locations  within  and  on  the  roof  of  the  chancery  were  given 
in  a  report  issued  by  the  National  Telecommunications  and  Information 
Administration  of  the  U.S.  Department  of  Commerce,  (NTIA,  1981).  The 
signals  consisted  of  up  to  7  noise  bands,  each  a  few  MHz  wide,  in  the 
frequency  range  from  0.5  to  10  GHz,  with  maximum  amplitudes  in  the  2-3 
GHz  range.  The  incident  average  power  densities  and  exposure  durations 
varied  with  the  period:  5  microwatts/sq  cm  for  9  hr/day  at  inception  in 
1953,  15  microwatts/sq  cm  for  18  hr/day  from  June  1975  to  7  February 
1976,  and  less  than  1  microwatt/sq  cm  for  18  hr/day  thereafter.  Within 
rooms  with  windows  or  doors  in  outside  walls  toward  the  RFR  sources,  the 
levels  were  typically  about  4  microwatts/sq  cm  within  2  ft  of  a  door  or 
window  and  2.5  microwatts/sq  cm  elsewhere  therein.  The  highest  level 
cited  was  24  microwatts/sq  cm,  which  occurred  in  one  room  during  a  2-hr 
period  of  unusual  signal  strength  on  24  January  1976. 

It  is  noteworthy  that  the  maximum  level  cited  was  applicable  only  to 
one  part  of  the  embassy,  so  the  exposure  levels  of  most  of  the  personnel 
for  most  of  the  time  were  probably  well  below  the  maximum  permissible 
level  (5  microwatts/sq  cm)  specified  in  the  (then)  USSR  standard  for 
exposure  of  the  general  population. 

Lilienfeld  et  al.  (1978)  conducted  a  study  of  the  health  of  the  U.S. 
personnel  assigned  to  the  Moscow  embassy  during  the  period  from  1953  to 
1976,  and  for  comparison,  the  health  of  those  assigned  to  other  U.S. 
Eastern  European  embassies.  The  authors,  after  expending  considerable 
effort  in  tracing  employees  and  dependents,  identified  1,827  employees 
and  1,228  dependents  as  having  been  at  the  Moscow  embassy  during  the 
1953-1976  period.  The  control  population  consisted  of  2,561  employees 
and  2,072  dependents  assigned  to  embassies  and  consulates  in  Budapest, 
Leningrad,  Prague,  Warsaw,  Belgrade,  Bucharest,  Sofia,  and  Zagreb  during 
the  same  time  period.  Periodic  tests  for  RFR  at  these  control  sites 
showed  only  background  levels. 


Medical  records  were  reviewed  for  1,209  of  the  Moscow  employees  and 
834  of  their  dependents.  The  corresponding  numbers  for  the  control 
group  were  1,882  and  1,507.  Health  questionnaires  were  returned  by  969 
Moscow  employees  and  1,129  control  employees.  The  number  of  question¬ 
naires  completed  by  the  dependents  was  not  clearly  indicated  in  the 
report . 

The  authors  recognized  and  commented  on  the  limitations  of  this  study 
due  to  their  inability  to  acquire  complete  sets  of  medical  records, 
death  certif icates,  and  returned  health  questionnaires,  and  to  the 
imprecision  in  classifying  individual  employees  with  regard  to  probable 
extent  of  RFR  exposure.  They  also  noted  that  the  size  of  the  study 
population  was  insufficient  to  detect  excess  risks  that  were  less  than 
twofold  for  many  of  the  medical  conditions  studied.  In  addition,  they 
indicated  that  highest  RFR  levels  were  recorded  late  in  the  period  of 
irradiation  and  therefore,  for  the  subgroup  with  the  highest  potential 
exposure,  the  period  of  time  during  which  health  effects  might  have 
become  apparent  was  the  shortest.  However,  despite  these  acknowledged 
limitations,  the  authors  were  able  to  draw  the  following  conclusions. 

No  discernible  differences  were  found  between  the  Moscow  and  control 
groups  in  total  mortality  or  mortality  from  specific  causes,  nor  were 
there  differences  in  mortality  between  the  Moscow  and  control  groups  of 
dependent  children  or  adults.  The  mortality  rates  for  the  Moscow  and 
control  groups  were  lower  than  for  the  U.S.  population  at  large,  with 
the  exception  of  cancer-related  deaths,  which  were  fractionally  higher 
among  Moscow-female  (8  of  11  deaths)  than  control-female  employees  (14 
of  31  deaths).  The  authors  stated:  "It  is  difficult  to  attach  any 
significance  to  the  relatively  proportion  of  cancer  deaths  in  females 
because  of  the  small  numbers  of  deaths  involved." 

Although  the  study  groups  were  subject  to  a  large  variety  of  health 
problems,  the  medical  records  indicated  that  these  problems  were  shared 
nearly  equally  by  both  Moscow  and  control  groups  with  two  exceptions: 

The  Moscow  male  employees  had  a  threefold  higher  risk  of  acquiring 
protozoal  infections,  and  both  men  and  women  of  the  Moscow  group  were 
found  to  have  slightly  higher  frequencies  of  most  of  the  common  kinds  of 
health  conditions  reported.  However,  the  authors  could  not  relate  these 
two  exceptions  to  RFR  exposure. 

The  health-questionnaire  information  indicated  higher  incidences  of 
some  health  problems  in  the  Moscow  employee  groups  than  in  controls: 
more  correctable  refractive  eye  problems;  more  cases  of  psoriasis  in 
men;  more  cases  of  anemia  in  women;  and  more  frequent  cases  of  depress¬ 
ion,  irritability,  difficulty  in  concentrating,  and  memory  loss.  The 
authors  noted:  "In  view  of  the  possibilities  which  had  been  publicized 
of  the  increased  danger  to  their  health  and  that  of  their  children,  it 
is  not  at  all  surprising  that  the  Moscow  group  might  have  had  an  in¬ 
crease  in  symptoms  such  as  those  reported.  However,  no  relationship  was 
found  between  the  occurrence  of  these  symptoms  and  exposure  to  micro- 
waves;  in  fact,  the  four  symptoms  mentioned  earlier,  which  showed  the 
strongest  differences  between  the  Moscow  and  Comparison  groups,  were  all 
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found  to  have  occurred  most  frequently  in  the  group  with  the  least 
exposure  to  microwaves." 

For  dependents,  the  authors  found  no  differences  between  adult  Moscow 
and  control  groups.  The  incidence  of  mumps  in  Moscow-based  dependent 
children  was  twice  as  great  as  in  the  control  children.  The  incidences 
of  congenital  anomalies  in  children  born  after  arrival  of  the  parents  at 
their  duty  stations  were  comparable  for  the  Moscow  and  control  groups. 

Lilienfeld  et  al.  (1978)  concluded:  "With  very  few  exceptions,  an 
exhaustive  comparison  of  the  health  status  of  the  State  and  non-State 
Department  employees  who  had  served  in  Moscow  with  those  who  had  served 
in  other  Eastern  European  posts  during  the  same  period  of  time  revealed 
no  differences  in  health  status  as  indicated  by  their  mortality  experi¬ 
ence  and  a  variety  of  morbidity  measures.  No  convincing  evidence  was 
discovered  that  would  directly  implicate  the  exposure  to  microwave  radi¬ 
ation  experienced  by  the  employees  at  the  Moscow  embassy  in  the  causa¬ 
tion  of  any  adverse  health  effects  as  of  the  time  of  this  analysis." 

Lester  and  Moore  (1982a)  postulated  that  prolonged,  repeated  exposure 
to  weak  RFR  might  be  associated  with  increased  cancer  incidence.  Be¬ 
cause  radars  have  been  in  operation  at  military  air  bases  since  World 
War  II,  the  authors  hypothesized  that  detectable  increases  in  cancer 
mortality  might  be  found  in  areas  surrounding  air  bases.  To  test  this 
hypothesis,  they  searched  "Guide  to  Air  Force  Bases"  (Air  Force  Maga¬ 
zine,  1969)  to  determine  Air  Force  Bases  (AFBs)  in  the  continental 
United  States  that  were  operational  in  the  period  1950-1969,  and  found 
92  counties  that  had  at  least  one  AFB.  They  then  determined  the 
population  of  each  of  these  counties  from  1960-census  data  (CENSUS, 
1967),  and  selected  a  control  county  for  each  AFB  county,  defined  as  the 
one  in  the  same  state  that  was  closest  in  population  (sometimes  larger, 
sometimes  smaller)  but  without  an  AFB.  The  mean  population  and  standard 
deviation  for  the  AFB  counties  were  237,684  and  254,683,  respectively; 
the  corresponding  values  for  the  non-AFB  counties  were  209,893  and 
242,128.  Statistically,  these  distributions  did  not  significantly 
differ. 

The  authors  indicated  that  data  on  civilian  air  bases  for  that  period 
were  not  available.  They  also  stated:  "It  should  be  noted  that  many 
counties  in  both  groups  had  other  air  bases.  Also,  the  counties  varied 
considerably  in  geographic  and  economic  characteristics.  These  factors 
would  tend  to  bias  the  data  against  the  hypothesis.  Despite  this  con¬ 
founding,  the  design  demands  that  the  presence  of  an  AFB  produce  suffi¬ 
cient  electromagnetic  effect  that  it  would  be  relatable  to  a  higher 
cancer  mortality  in  that  county.  No  attempt  was  made  to  assess  the 
possible  role  of  other  carcinogens." 

Cancer  mortality  ratings  (deaths  from  all  types  of  cancer)  for  AFB  and 
control  counties  were  obtained  from  the  "Atlas  of  Cancer  Mortality  for 
U.S.  Counties:  1950-1969"  (HEW,  1975).  These  mortality  data  were  age- 
adjusted  and  presented  in  the  following  five  categories  with  respect  to 
cancer  mortality  in  the  general  U.S.  population  (with  index  numbers 
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assigned  by  the  authors): 

MORTALITY  RANKING  LESTER  AND  MOORE  INDEX 


Significantly  high,  in  highest  decile  4 
Significantly  high,  not  in  highest  decile  3 
In  highest  decile,  not  significant  2 
Not  significantly  different  from  U.S.  1 
Significantly  lower  than  U.S.  0 


Data  were  available  separately  for  males  (M)  and  females  (F).  Lester 
and  Moore  (1982a)  presented  the  results  shown  in  Table  7  (their  Table 
1): 

TABLE  7:  CATEGORIES  OF  CANCER  MORTALITY 


MALES 

FEMALES 

INDEX 

Count ies 

Counties 

AFB  nonAFB 

AFB 

nonAFB 

21 

12 

13 

7 

4 

2 

1 

4 

2 

3 

5 

6 

0 

3 

2 

16 

21 

33 

34 

1 

48 

52 

42 

46 

0 

92 

92 

92 

92 

From  these  results,  the  authors  made  the  following  assumptions: 

"a.  Categories  4  and  3  can  be  combined  as  significant  incidence  (+); 
categories  1  and  0  as  nonsignificant  incidence  (-). 

b.  Category  2  can  be  deleted. 

c.  Since  there  was  an  effort  to  match  counties  by  population,  the 
proper  statistical  analysis  is  a  test  for  correlated  proportions 
comparing  AFB  with  nonAFB  counties." 

The  authors  then  reclassified  their  data  in  pairs  as  shown  in  Table  8 
( their  Table  2 ) : 
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TABLE  8:  RECLASSIFIED  CANCER  MORTALITY  DATA 


INCIDENCE 

M 

F 

AFB 

(  +  ) 

and 

nonAFB 

(  +  ) 

9 

7 

AFB 

(-) 

and 

nonAFB 

(-) 

57 

70 

AFB 

(♦) 

and 

nonAFB 

(-) 

12 

10 

AFB 

(-) 

and 

nonAFB 

(  +  ) 

4 

2 

Totals 

82 

89 

Their  analysis  of  the  data  in  Table  8  ("test  for  correlated  propor¬ 
tions,  corrected  for  continuity,  one-tailed  test")  yielded  p-0.04  for 
males,  p»0.02  for  females,  from  which  they  concluded  that  AFB  counties, 
when  compared  with  population-matched  nonAFB  counties,  had  significantly 
higher  incidence  of  cancer  mortality  for  the  period  1950-1969. 

This  paper  is  one  of  only  a  few  in  the  scientific  literature  to  sug¬ 
gest  that  exposure  to  RFR  is  linked  with  increased  cancer  incidence  and 
mortality.  However,  the  results  as  presented  do  not  confirm  that  in¬ 
creased  cancer  mortality  is  associated  with  RFR  exposure,  but  only  that 
such  mortality  appears  to  be  correlated  with  the  presence  of  an  opera¬ 
tional  AFB. 

The  test  for  a  statistically  significant  difference  between  AFB  and 
control  counties  depends  heavily  on  how  well  the  control  counties  were 
matched  with  the  AFB  counties  in  all  factors  except  presence  of  an  AFB. 
The  identities  of  the  AFBs  were  not  given  in  the  paper,  so  on  inquiry, 
Dr.  J.  Lester  kindly  made  available  the  raw  data.  Review  of  these  data 
revealed  several  apparent  inconsistencies,  so  an  independent  analysis 
was  conducted  using  the  list  of  AFBs  provided  by  Dr.  Lester  and  the 
methodology  described  in  the  paper. 

For  the  analysis,  the  Rand-McNally  "1982  Commercial  Atlas  and 
Marketing  Guide"  ( Rand-McNal ly ,  1982)  was  used  to  ascertain  the  counties 
in  which  the  specific  AFBs  were  located.  The  populations  of  these 
counties  were  determined  from  CENSUS  (1967),  the  reference  used  by 
Lester  and  Moore,  and  the  control  counties  closest  in  population  in  the 
same  state  were  identified.  The  categories  of  male  and  female  cancer 
mortality  for  the  control  and  AFB  counties  were  obtained  from  HEW 
(1975),  also  used  by  Lester  and  Moore. 

On  reassembly  of  the  raw  data,  the  following  emerged: 

1.  The  total  number  of  AFB  counties  is  reduced  to  91  because  one  county 
was  counted  twice  (Luke  AFB  and  Williams  AFB  are  in  the  same  county). 

2.  Of  these  91,  Lester  and  Moore  located  13  AFBs  in  incorrect  counties. 

3.  In  43  of  the  remaining  78  cases,  Lester  and  Moore  either  used  the 
incorrect  control  county  (as  defined  above)  or  incorrectly  assigned  the 
M  or  F  category  to  the  control  county. 


4.  Of  the  rt  raining  35  cases  where  Lester  and  Moore  had  selected  the 
AFB  and  control  counties  correctly,  there  were  22  cases  (16  counties) 
for  which  they  had  incorrectly  assigned  the  M  or  F  categories. 

Thus,  of  the  original  92  AFB/control  county  pairs  of  data  used  by 
Lester  and  Moore,  only  19  and  their  M  and  F  categories  appeared  to  be 
correct . 


Use  of  the  corrected  data  for  the  91  AFB  counties  yielded  Table  9: 


TABLE  9:  REVISION  OF  TABLE  7 


MALES 


FEMALES 


INDEX 


Cour 

ities 

Counties 

AFB 

nonAFB 

AFB 

nonAFB 

16 

10 

9 

7 

4 

0 

1 

3 

3 

3 

6 

8 

0 

2 

2 

17 

24 

33 

36 

1 

52 

48 

46 

43 

0 

Totals  91 

91 

91 

91 

Reclassification  of  these  data  based  on  the  assumptions  of  Lester  and 
Moore  yielded  Table  10: 


TABLE  10:  REVISION  OF  TABLE  8 
INCIDENCE  M  F 


AFB 

(  +  ) 

and 

nonAFB 

(  +  ) 

6 

AFB 

(-) 

and 

nonAFB 

(-) 

58 

AFB 

(  +  ) 

and 

nonAFB 

(-) 

10 

AFB 

(-) 

and 

nonAFB 

(  +  ) 

6 

Totals 

80 

A  statistician  was  consulted  about  the  "test  for  correlated  propor¬ 
tions"  used  by  Lester  and  Moore.  A  test  by  this  name  does  not  appear  in 
any  of  the  references  familiar  to  the  statistician.  However,  McNemar's 
Test  (Fleiss,  1981)  is  suitable  and  is  similar  to  the  test  by  Lester  and 
Moore  because  use  of  this  test  yielded  the  same  z  and  p  values  cited  by 
Lester  and  Moore  for  Table  8  (their  Table  2).  McNemar's  Test  of  the 
data  in  Table  10  yielded  z-0.7,  p-0.23  for  males  and  z-0,  p-0.50  for 
females,  both  nonsignificant. 


In  summary,  a  complete  reanalysis  of  data  for  91  AFB  counties  found  by 
Lester  and  Moore  (1982a)  and  the  population-matched  control  counties  not 
having  an  AFB  did  not  confirm  their  finding.  Instead,  counties  with  an 
AFB  had  incidences  of  cancer  mortality  for  either  males  or  females,  for 
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the  period  1950-1969,  that  did  not  significantly  differ  statistically 
from  those  in  counties  without  an  AFB  that  were  most  closely  matched  in 
population.  The  original  finding  of  significance  by  Lester  and  Moore 
(1982a)  apparently  was  the  result  of  an  incorrectly  assembled  data  base. 
This  reevaluation  was  published  by  Poison  and  Merritt  (1985)  in  the  same 
journal,  together  with  a  response  by  Lester  (1985),  who  took  issue  with 
some  aspects  of  the  reanalysis  and  did  not  accept  the  revised  finding. 

In  another  study,  Lester  and  Moore  (1982b)  sought  to  determine  whether 
there  was  a  geographic  pattern  of  cancer  incidence  within  the  city  of 
Wichita,  Kansas,  and  whether  specific  sources  of  RFR  could  be  identified 
and  related  to  any  such  pattern.  They  reported  finding  a  neighborhood 
pattern  of  cancer  incidence  in  that  city,  with  the  suggestion  of  a  time 
element  in  its  appearance,  and  noted  that  cancer  tended  to  occur  on 
leading  terrain  crests  relative  to  radar  transmissions  and  was  less 
frequent  in  the  valleys.  They  presented  a  formula  relating  cancer 
incidence  to  the  terrain  and  the  presence  of  RFR,  leading  to  the  overall 
finding  that  cancer  incidence  in  Wichita  appears  to  be  related  to  the 
probability  of  exposure  to  radar. 

Wichita  is  the  largest  city,  population  262,766  (from  a  1973  census) 
in  Kansas.  With  the  exception  of  two  industrial  areas,  it  is  divided 
into  94  census  tracts  of  approximately  equal  population.  However, 

Lester  and  Moore  (1982b)  included  only  76  tracts  in  their  analysis.  The 
Department  of  Community  Health  stratified  the  tracts  into  three  health 
and  economic  classes  (good,  fair,  poor),  based  on  determinants  such  as 
education,  income,  crowding,  unskilled  workers,  infant  mortality,  vene¬ 
real  disease,  tuberculosis,  and  housing.  Wichita  is  virtually  free  of 
air  pollution  (ranked  second  out  of  52  major  cities  of  over  80,000 
population  in  the  U.S.),  presumably  removing  that  agent  as  a  possibly 
confounding  factor. 

The  city  lies  on  essentially  a  flat  plain  bisected  by  the  Arkansas 
River,  with  two  low  ridges  (100-ft  and  20-ft  elevation  changes)  to  the 
west  and  northwest  of  the  city  limits.  Wichita  Mid-Continent  Airport 
lies  9.7  km  southwest  and  35  ft  higher  than  the  city  center.  McConnell 
AFB  lies  7.2  km  southeast  and  130  ft  higher  than  the  city  center. 

Morbidity  data  were  obtained  on  all  first  diagnosed  cancer  cases  of 
Wichita  residents  for  1975,  1976,  and  1977  from  five  city  hospitals, 

3004  cases  total  for  the  three  years.  The  ratio  of  number  of  diagnosed 
cases  to  tract  population  for  each  year  yielded  the  incidence  rates  for 
76  census  tracts.  The  information  on  incidence  rates,  age,  economic 
stratification  (of  the  tract  of  residence  of  each  person),  male/female 
ratio,  and  race  were  analyzed,  and  a  correlation  matrix  was  obtained  for 
the  76  tracts.  Also  obtained  were  mortality  data  for  all  cancer  deaths 
of  Wichita  residents  for  1975,  1976,  and  1977.  Again,  incidence  rates, 
age,  economic  stratification,  male/female  ratio,  and  race  were  analyzed, 
and  a  correlation  matrix  obtained  for  the  76  census  tracts. 

The  formula  derived  by  the  authors  for  treating  the  data  was  based  on 
the  following  hypotheses:  First,  the  major  contributors  to  RFR  exposure 
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were  radar  transmitters  at  the  airports.  Second,  radar  exposure  is  a 
line-of-sight  phenomenon.  Third,  RFR  exposure  correlates  directly  with 
elevation.  Fourth,  shielding  by  intervening  terrain  confounds  the 
elevation  criterion  of  exposure. 

This  paper  is  replete  with  flaws,  the  most  serious  of  which  is  that 
the  authors,  "to  find  a  possible  connection  between  cancer  incidence  and 
external  electromagnetic  fields,"  assumed  that  the  population  is  exposed 
only  to  the  RFR  from  radars  at  the  two  airports  adjacent  to  the  city. 
They  cited  no  measurements  to  support  this  assumption  and  gave  no  indi¬ 
cation  that  the  scan  sectors  of  such  radars  were  considered.  It  is 
noteworthy,  however,  that  the  Environmental  Protection  Agency  (EPA) 
measured  ambient  RFR  levels  in  15  major  cities  around  the  U.S.A.  (Tell 
and  Mantiply,  1980),  which  showed  that  by  far  the  major  contributors  to 
environmental  levels  of  RFR  are  FM  and  TV  broadcast  transmitters,  not 
radar  systems  (Janes,  1979).  Even  though  EPA  did  not  include  Wichita  as 
one  of  the  cities  it  surveyed,  it  would  be  reasonable  to  assume  that  the 
RFR  environmental  situation  there  differs  little  from  those  of  the  15 
cities  surveyed. 

If  the  radar  assumption  above  is  to  be  considered  correctly,  a  model 
of  RFR  exposure  should  be  used  that  is  based  on  the  physical  laws  of  RFR 
propagation,  particularly  the  inverse-square-law  of  attenuation  with 
distance  and  the  RFR  shielding  effects  of  artificial  structures  and 
buildings,  as  well  as  of  terrain.  Other  flaws  in  the  paper  were  the 
arbitrary  assumptions  for  the  heights  of  the  radars  and  the  false  sense 
of  precision  imparted  by  citing  the  city  and  airport  elevations  to  five 
significant  figures  ("average"  elevations  accurate  to  within  5  mm). 

Unfortunately,  the  model  used  by  the  authors  bore  no  relationship  to 
such  factors,  and  any  conclusions  drawn  therefrom  are  unrelated  to 
actual  exposure  levels.  Instead,  the  results  of  this  paper  appear  to  be 
a  good  example  of  spurious  correlation.  Any  relationship  between  radar 
exposure  and  cancer  incidence,  if  such  exists,  is  not  demonstrated  by 
the  data  and  analysis  presented  in  this  paper. 

Milham  (1983)  used  an  age  and  year-of-death  standardized  proportionate 
mortality  ratio  (PMR)  program  to  analyze  the  information  on  429,926  male 
decedents  for  1950-1979  and  25,066  female  decedents  for  1974-1979  in 
Washington  State,  and  published  detailed  cause-of -death  analyses  (160 
causes)  for  each  of  219  male  and  51  female  occupational  categories.  The 
author  stated: 

"The  Washington  State  mortality  pattern  is,  in  general,  consistent 
with  both  the  Registrar  General's  results  and  with  the  published 
literature.  Some  of  the  new  occupational  mortality  findings  published 
in  the  1950-1971  report  and  in  this  updated  version  have  been  confirmed. 
Others  warrant  follow-up.  These  incJude  a  lung  cancer  excess  in  workers 
at  the  ASARCO  Tacoma  copper  smelter,  increased  mortality  due  to  multiple 
myeloma  and  pancreatic  cancer  in  workers  at  the  Hanford  atomic  energy 
facility,  and  excess  mortality  due  to  cancer  of  the  pancreas,  lymphoma, 
leukemia,  and  emphysema  in  aluminum  workers. 


"New  findings  in  this  report  are  a  leukemia  increase  in  workers  ex¬ 
posed  to  electric  and  magnetic  fields  and  a  deficit  of  multiple  sclero¬ 
sis  deaths  among  outdoor  workers." 

In  this  report,  20  microfiche  negatives  were  provided  in  addition  to 
167  pages  of  text;  these  microfiches  contain  the  detailed  raw  mortality 
data  and  calculated  PMRs  for  males  and  females  by  gender  occupations. 
(The  "occupation"  of  each  decedent  was  obtained  from  the  statement  on 
the  Washington-State  death  certificate.)  Also  contained  in  the  micro¬ 
fiches  is  additional  information  on  occupations  ranked  by  PMR  within 
each  cause  of  death  and  causes  of  death  with  significantly  (p<0.05) 
elevated  or  reduced  PMRs  by  occupation,  both  for  males  only.  Eighty 
pages  of  the  printed  report  described  the  occupation  codes  (common  for 
both  men  and  women)  used  in  filling  out  the  death  certificates,  occu¬ 
pation  groupings  for  men,  occupation  groupings  for  women,  an  index  of 
occupations  for  men,  and  an  index  of  occupations  for  women. 

The  analysis  by  Milhara  (1983)  progressed  from  raw  mortality  informa¬ 
tion  through  successive  clusterings  of  data  in  like  occupational 
groupings,  presumably  in  order  to  obtain  sufficient  numbers  in  each 
cluster  for  meaningful  statistical  analysis.  The  statistical  method 
used  was  the  PMR,  and  a  detailed  example  of  one  such  calculation  was 
given  in  the  report  (p.  96).  However,  the  statistical  method  used  by 
the  Registrar  General  is  the  more  common  and  widely  accepted  standard¬ 
ized  mortality  ratio  (SMR)  (Lilienfield  and  Lilienfield,  1980). 

In  the  printed  report,  63  pages  contain  one-paragraph  commentaries 
describing  the  mortality  pattern  as  seen  by  the  author  in  each  of  the 
occupation  groupings.  There  are  219  such  commentaries  for  males  and  51 
for  females.  Some  of  these  commentaries  appear  to  be  highly  subjective 
and  to  reflect  the  personal  biases  of  the  author.  For  example,  the 
coraraer.cary  below  on  female  mortality  in  one  occupation  appears  on  p.  63 

"Waitresses 
Occupation  code  875 
Total  deaths  862 

Cancers  of  the  esophagus,  stomach,  larynx,  lung,  cervix  and  uterus 
unspecified  have  increased  PMRs.  Psychoses,  pulmonary  emphysema,  cir¬ 
rhosis  of  the  liver,  motor  vehicle  accidents,  and  homicide  have  mortal¬ 
ity  increases.  Much  of  this  mortality  pattern  may  be  due  to  life-style 
patterns,  i.e.,  smoking,  drinking,  and  promiscuity." 

Other  commentaries  seem  to  include  some  nonsignificant  but  elevated 
PMRs  bee ansfi  the  author  apparently  believes  that  they  contribute  to  the 
over-all  mortality  pattern  considered  appropriate  by  him  for  that  occu¬ 
pation.  For  example  (p.  54): 

"Dietitians  and  Nutritionists 
Occupation  code  073 
Total  deaths  104 
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These  women  show  a  significant  excess  of  malignant  neoplasms  of  the 
digestive  organs  (PMR-254  based  on  7  deaths)  in  the  20-64  age  class. 

This  is  due  to  4  deaths  observed  due  to  cancer  of  the  pancreas  to  less 
than  2  expected.  Malignant  neoplasms  of  lymphatic  and  hematopoietic 
tissues  (age  20-64)  show  a  PMR  of  476  based  on  5  deaths,  3  of  which  were 
in  the  other  lymphoma  category.  Diabetes  mellitus  had  a  PMR  of  225 
based  on  5  deaths." 

It  is  seen  that  of  104  total  deaths  in  this  occupation  for  women,  the 
author  selected  17  deaths  and  presented  them  as  though  dietitians  and 
nutritionists  might  be  expected  to  die  more  often  of  malignant  neoplasms 
of  the  digestive  organs  and  diabetes  mellitus.  The  other  87  deaths  were 
ignored.  This  clearly  demonstrates  a  subjective  and  selective  bias  in 
the  author's  application  of  the  PMR  analytical  technique. 

The  author  carried  the  analysis  one  step  further  by  examining  mortal¬ 
ity  by  cause  of  death  and  showing  occupational  groupings  with  statisti¬ 
cally  significant  elevations  or  reductions  in  PMR.  There  are  several 
problems  with  some  of  the  patterns  that  emerged  in  this  treatment.  For 
example,  in  the  commentary  on  male  mortality  by  occupation  within  cause- 
of-death  groups  is  the  following  (p.  67): 

"Malignant  Melanoma  of  Skin  (ICD  190) 

Three  of  the  four  occupations  with  high  PMRs  (clergymen,  school 
teachers,  hotel  managers)  have  no  obvious  relationship  to  outdoor  work 
or  exposure  to  sunlight.  Navy  and  Coast  Guard  personnel,  however, 
probably  are  exposed  to  sunlight." 

This  presumption  that  Navy  and  Coast  Guard  personnel  have  elevated 
PMRs  for  malignant  melanoma  of  the  skin  because  they  are  exposed  to 
sunlight  would  seem  to  indicate  a  considerable  bias  on  the  part  of  the 
author.  He  did  not  indicate  why  these  personnel  would  spend  more  time 
in  the  sun  than  school  teachers,  for  instance,  other  than  his  personal 
belief  that  they  do  so. 

In  the  next  step  in  the  analysis,  the  author  examined  the  mortality 
patterns  of  groups  of  selected  occupations  that  appeared  to  have  similar 
environmental  exposures.  It  is  here,  in  one  page  of  the  entire  report 
(p.  75),  that  categories  of  workers  presumed  to  be  occupationally  ex¬ 
posed  to  magnetic  and/or  electrical  fields  are  juxtaposed,  and  PMRs  for 
two  categories  of  leukemia  (acute  leukemia,  and  all  leukemia)  are  pre¬ 
sented.  There  are  11  occupations:  electrical  engineers,  electronic 
technicians,  radio  and  telegraph  operators,  electricians,  power  and 
telephone  linesmen,  television  and  radio  repairmen,  motion  picture 
projectionists,  aluminum  workers,  streetcar  and  subway  motormen,  power 
station  operators,  and  welders  and  flame  cutters.  Of  the  22  categories 
for  the  two  leukemia  categories  by  11  occupations,  there  are  3  cases 
where  the  PMR  is  significant  at  the  IX  level,  plus  2  at  the  5X  level. 

The  other  PMRs,  though  elevated  in  13  cases  and  depressed  in  3  (with  1 
the  same),  are  not  statistically  significant.  The  significant  cases, 
electricians  (both  categories  of  leukemia),  aluminum  workers  (both  cate- 


gories  of  leukemia),  and  power  station  operators  (all  leukemia  only), 
comprised  79  of  the  total  of  136  leukemia  deaths  actually  observed  in 
these  occupations.  The  excess  number  of  deaths  (observed  minus  ex¬ 
pected)  for  these  three  occupations  was  28.  At  this  point,  the  author 
is  quoted  on  the  PMR  technique  (p.  5): 

"The  major  flaw  of  the  proportionate  mortality  ratio  (PMR)  is  that  it 
says  nothing  about  total  force  of  mortality  for  a  given  occupation... 

All  occupations  have  a  total  PMR  of  100.  Also,  since  the  cause-of-death 
specific  PMRs  must  sum  to  100,  a  very  high  or  low  PMR  in  a  common  cause- 
of-death  group  will  affect  the  other  PMRs  for  that  occupation." 

In  other  words,  by  virtue  of  the  technique  itself,  the  5  significantly 
high  PMRs  mentioned  above  might  have  arisen  because  other  PMRs  in  three 
of  the  11  occupations  were  abnormally  low.  In  view  of  this  point,  great 
credence  cannot  be  given  to  the  author's  claim  that  the  increased  PMRs 
for  all  leukemia  and  for  acute  leukemia  are  associated  with  exposure  to 
electric  and  magnetic  fields.  The  other  point  to  be  made  is  that  there 
must  be  a  dose-response  relationship  to  conclude  that  cause-and-ef f ect 
applies  in  this  or  other  epidemiologic  studies.  Such  a  relationship  is 
at  best  unproven  here.  Without  exposure  data  for  the  individuals  or 
even  for  the  occupations,  it  is  solely  an  assumption  that  persons  in 
these  occupations  actually  do  experience  greater  exposure  to  electrical 
and  magnetic  fields  than  do  those  in  other  occupations.  For  example, 
electricians,  the  occupation  with  the  largest  number  of  leukemia  deaths 
(51),  actually  spend  a  large  part  of  their  time  working  on  circuits  that 
are  not  energized. 

Perhaps  the  strongest  criticism  of  this  study  as  a  whole  is  that  it 
demonstrates  an  approach  that  statisticians  commonly  refer  to  as  "data 
mining."  A  very  large  data  base  is  "picked  over"  for  "nuggets"  of 
(locally)  statistically  significant  items,  which  are  then  assembled  to 
show  purported  relationships.  Unfortunately,  there  is  no  a  priori 
hypothesis  being  tested.  Normal  statistical  methodology  is  reversed-- 
statistical  significance  is  found  first  and  then  the  hypotheses  are 
formulated.  Results  from  such  an  approach  generally  are  considered  to 
not  carry  much  weight. 

In  summary,  when  viewed  in  the  context  of  the  complete  report  of 
occupational  mortality  in  Washington  State,  the  claim  that  workers  who 
had  been  exposed  occupationally  to  electric  and  magnetic  fields  showed 
increased  incidence  of  all  leukemia  and  acute  leukemia  is  seen  to  be 
weak  at  best.  The  methodological  approach  used  did  not  meet  the  normal 
criteria  for  the  statistical  testing  of  hypotheses--no  hypotheses  were 
assumed  a  priori.  The  commentaries  on  patterns  of  mortality  underlying 
different  occupations  from  which  the  groups,  such  as  the  electrical  and 
magnetic  field  workers  were  selected,  seemed  to  show  personal  bias  by 
the  author,  and  the  PMR  technique  has  analytical  problems  that  could 
have  yielded  an  apparent  increase  in  the  PMR  in  one  cause-of-death 
category  from  an  abnormally  low  PMR  in  one  or  another  category.  The 
relationship  between  leukemia  and  exposure  to  electric  and  magnetic 
fields  therefore  should  be  treated  cautiously  until  better  analytical 


techniques  are  used  and  better  exposure  information  is  obtained.  (These 
criticisms  apply  equally  to  the  cause-and-ef f ect  relationships  claimed 
in  the  report  for  other  agents  and  occupations.) 

Milham  (1982)  presented  a  brief  initial  report  on  this  study  as  a 
correspondence  item,  which  gave  few  details  on  the  statistical  treatment 
of  the  data.  Liburdy  (1982)  commented  unfavorably  on  this  item. 

Hamburger  et  al.  (1983)  noted  that  physical  therapists  are  known  to 
use  various  diathermy  modalities  (characterized  by  the  authors  as  micro- 
wave,  shortwave,  infrared,  and  ultrasound  equipment)  in  the  course  of 
treating  patients.  They  therefore  endeavored  to  determine  whether  ther¬ 
apists  might  be  suffering  adverse  health  effects  from  exposure  to  the 
emissions  from  such  units  on  a  dose-related  basis  by  statistically  ana¬ 
lyzing  the  responses  from  male  members  of  the  American  Physical  Therapy 
Association  (APTA)  to  a  mail  questionnaire.  The  only  consistently  sig¬ 
nificant  finding  was  an  apparent  association  between  heart  disease  and 
exposure  to  shortwave  radiation. 

Although  other  factors  were  considered  in  the  questionnaire,  emphasis 
was  placed  on  those  health  experiences  reported  in  the  literature  as 
being  associated  with  exposure  to  low  levels  of  RFR.  The  responses 
requested  from  each  subject  included  occupational  history  of  diathermy 
utilization  by  length  of  employment  in  each  position  held  since  entering 
the  clinical  affiliation  and  the  number  of  treatments  of  each  modality 
administered  per  typical  work  week.  Ascertained  from  the  responses  was 
that  for  the  operators  under  35  years  of  age,  the  mean  time  spent  within 
3  ft  of  the  equipment  was  2.4  rain  per  treatment  with  microwave  diathermy 
and  2.7  min  per  treatment  with  shortwave  diathermy.  (The  therapist 
usually  initiates  a  treatment,  then  leaves  to  attend  other  matters  for 
the  remainder  of  the  treatment.)  Other  factors  considered  were  the 
frequency  of  treatments,  the  years  of  work  experience,  and  the  use  of 
infrared  and  ultrasound  diathermy. 

The  authors  also  cited  a  survey,  conducted  by  Ruggera  (1980),  of  three 
microwave  (2.45-GHz)  and  six  shortwave  (27-MHz)  diathermy  units  at  sites 
in  6  health  facilities.  The  results  of  the  survey  were  expressed  as 
means  and  ranges  of  free-space-equivalent  power  densities  1  meter  from 
the  units  at  eye  and  waist  levels  of  an  operator.  The  measurements  for 
the  2.45-GHz  units  yielded  a  mean  and  range  of  0.65  and  0.08-1.30  mW/sq 
cm  at  eye  level,  and  0.71  and  0.08-1.20  mW/sq  cm  at  the  waist.  For  the 
27-MHz  units,  the  mean  and  range  for  the  magnetic  component  were  1.06 
and  0.09-4,11  mW/sq  cm  at  eye  level,  and  2.49  and  0.09-8.32  mW/sq  cm  at 
waist  level;  the  corresponding  values  for  the  electric  component  were 
1.21  and  0.06-5.19  mW/sq  cm  at  eye  level,  and  4.05  and  0.04-16.58  mW/sq 
cm  at  the  waist. 

Three  mailings  of  questionnaires  were  made,  to  reduce  the  number  of 
nonresponses.  The  final  population  sample  consisted  of  3004  respondents 
from  a  total  of  5187  therapists  solicited;  the  respondents  were  divided 
into  subgroups  according  to  exposure  across  and  within  the  energies  of 
the  four  modalities  above  emitted  from  diathermy  equipment.  The  authors 


coded  the  four  diathermy  modalities  as  U  (ultrasound),  I  (infrared),  M 
(microwave),  and  S  (shortwave),  and  initially  distributed  the  population 
among  the  15  exposure  subgroups  comprised  of  those  exposed  solely  to 
each  modality  and  those  exposed  to  all  possible  combinations  thereof, 
plus  1  nonexposure  group.  However,  the  small  sizes  of  several  groups 
necessitated  merging  them  into  other  groups  to  ensure  more  meaningful 
statistical  results,  which  yielded  the  following  nine  subgroups  and  the 
numbers  of  therapists  in  each:  U-208,  MU=116,  SU-512,  IU-64,  MSU-390, 
ISU-429,  IMSU=1097 ,  other=67,  and  none=121. 

Since  age  is  usually  closely  related  to  cumulative  exposure  and  to 
certain  pathologic,  psychologic,  and  physiologic  processes,  the  authors 
divided  each  subgroup  into  those  under  35  and  those  35+,  and  further 
stratified  the  35+  group  into  the  three  subgroups  35-44,  45-54,  and  55+. 
Subgroups  were  also  dichotomized  into  high-  and  low-exposure  categories 
by  using  mean  duration  of  employment  (<14  years  and  14+  years),  mean 
frequency  of  treatments  administered  (<17  and  17+  per  week),  and  jointly 
by  employment  duration  and  treatment  frequency. 

Before  analyzing  for  potential  effects  of  microwave  and/or  shortwave 
RFR,  the  hypothesis  that  ultrasound  alone  does  not  contribute  to  poten¬ 
tial  effects  was  tested  for  those  in  the  high-exposure,  35+  age  group  by 
comparing  those  of  this  age  category  in  the  U  subgroup  with  those  in  the 
"none"  subgroup,  on  the  assumption  that  a  negative  finding  would  apply 
to  the  younger,  less-exposed  groups  as  well.  There  were  no  statisti¬ 
cally  significant  differences  between  subgroups  for  any  of  the  health 
effects  considered.  This  hypothesis  also  was  tested  for  infrared  only 
by  comparing  the  SU  and  ISU  groups  (the  I  group  being  too  small  for  this 
purpose).  Again,  no  significant  differences  were  found. 

Tabulated  for  the  nine  coded  exposure  subgroups  above  were  selected 
characteristics  of  respondents  (age,  race,  marital  status,  present  work 
setting,  personal  therapy  with  any  modality,  x-ray  exposures)  and  the 
prevalence  among  them  of  the  following  reported  conditions:  blood 
disorder,  cataracts,  diabetes,  endocrine  disorder,  hearing  disorder, 
heart  disease,  high  and  low  blood  pressure,  nervous  breakdown,  and 
"other."  The  authors  stated  that:  "For  the  entire  cohort,  the  reported 
prevalence  rates  are  below  population  rates  in  all  instances.  Although 
the  rates  vary  by  subgroups  for  each  condition,  no  one  subgroup  appears 
to  exhibit  markedly  higher  rates  relative  to  total  rates. 

"The  prevalence  of  conditions  are  higher  for  the  respondents  in  the 
35+  age  group  relative  to  the  total  of  all  respondents ...  Despite  the 
fact  that  the  heart  disease  rate  appears  higher  among  the  microwave 
exposed  than  the  shortwave  exposed,  a  test  of  the  microwave  subgroup 
against  the  remainder  of  the  cohort  showed  no  statistically  significant 
difference.  In  fact,  the  only  subgroup  where  heart  disease  rates  were 
significantly  higher  than  the  remaining  total  was  the  IMSU  subgroup. 

Most  rates  for  specific  subgroups  which  exceed  the  total  rates  are  based 
on  small  sample  size  and  therefore  are  thought  not  to  be  real 
increases . " 
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The  authors  then  tried  a  different  approach.  New  subgroups  were 
formed  for  microwave,  shortwave,  and  joint  microwave/shortwave  exposure, 
and  further  divided  into  high-  and  low-exposure  groups.  A  respondent 
with  any  exposure  to  microwave  was  included  in  the  microwave  group,  and 
similar  definitions  were  used  for  shortwave  and  for  joint  exposure. 

Thus,  the  subgroups  were  not  mutually  exclusive,  and  the  resulting 
tables  clearly  showed  considerable  double-counting  of  subjects.  (This 
point  was  recognized  by  the  authors:  "The  analysis  of  the  microwave  and 
shortwave  modalities  for  both  subgroups  and  total  cohorts  is  compromised 
since  the  internal  contrasts  were  never  completely  independent.  Sample 
size  considerations  prohibited  contrasts  involving  independent  groups.") 

Contingency  tables  were  constructed  for  internal  comparisons  across 
subgroups.  That  is,  for  the  three  types  of  exposure  (microwave  only, 
shortwave  only,  and  joint  microwave/shortwave)  and  for  the  three  high- 
vs  low-exposure  situations  (by  frequency  of  treatments/wk,  length  of 
employment,  and  combination  thereof),  3x3  or  nine  separate  contingency 
tables  of  condition  vs  modality  were  constructed.  This  was  done  for 
each  of  the  10  medical  conditions,  for  a  total  of  90  contingency  tables. 
The  values  in  each  table  were  tested  with  the  Mantel-Haenszel  chi-square 
test  for  homogeneity.  Some  significant  results  were  obtained.  Most  of 
those  results,  however,  became  nonsignificant  when  age  groups  were  com¬ 
bined  by  the  Mantel-Haenszel  method  (stratification  by  age  group),  which 
permits  correction  for  age-related  effects. 

Odds  ratios  for  high  vs  low  exposure  for  the  three  exposure  categories 
were  also  calculated  for  each  contingency  table,  and  the  confidence  in¬ 
tervals  were  determined  for  those  odds  ratios  that  were  statistically 
significant  after  age  adjustment.  Heart  disease  was  the  only  condition 
that  remained  statistically  significant  in  this  new  approach.  It  is 
interesting  that  for  the  nine  types  of  exposure-vs-high/low  situations 
(described  above),  only  four  were  significant:  microwave  x  frequency  of 
treatraents/week,  shortwave  x  combined  frequency  of  treatments/week  and 
duration  of  employment,  and  joint  microwave/shortwave  x  frequency  of 
treatments/week.  The  other  five  situations  were  not  significant  at  the 
52  level,  i.e.,  all  three  of  the  cases  where  duration  of  employment 
alone  was  a  criterion  of  high  vs  low  exposure,  the  case  for  joint 
microwave/shortwave  exposure  x  combined  treatment  frequency  and  employ¬ 
ment  duration,  and  the  case  for  microwave  exposure  x  combined  treatment 
frequency  and  employment  duration. 

It  should  be  noted  that  of  the  90  contingency  tables,  only  four  showed 
significance  at  the  52  level,  a  finding  that  is  no  better  than  chance. 
None  of  the  other  nine  medical  conditions  was  statistically  significant, 
nor  was  the  incidence  of  neoplasms.  Also  assessed  were  the  possible 
confounding  effects  of  diagnostic  X-ray  and  diathermy  treatments  on 
individual  respondents.  After  age  adjustment,  no  conditions  related  to 
such  treatments  were  found  to  be  statistically  significant. 

This  study  most  likely  will  be  widely  cited  as  "proof"  that  exposure 
to  microwave/shortwave  RFR  causes  heart  disease.  However,  careful  study 
of  the  paper  did  not  provide  convincing  evidence  that  this  is  so. 


First,  the  paper  illustrated  well  the  problems  associated  with  attempts 
to  uncover  causal  relationships  between  a  purported  health-effects  agent 
(RFR  in  this  case)  and  medical  conditions  in  an  identified  population  by 
using  the  results  of  a  mailed,  se lf-administered  questionnaire.  The 
response  rate  to  the  mailings  was  58%,  so  42%  (2183  persons)  did  not 
respond.  No  mention  was  made  of  any  attempt  to  contact  a  sample  of 
nonrespondents  by  telephone  or  in  person,  to  endeavor  to  characterize 
them  as  a  g roup .  (Statistical  techniques  exist  to  correct  for  bias  in  a 
large  nonrespondent  group.)  Therefore,  the  58%  that  did  respond  were 
self-selected  in  the  sense  that  many  of  them  may  have  responded  because 
they  had  medical  conditions  and  were  curious  about  how  such  conditions 
may  have  arisen. 

The  difficulty  in  extrapolating  from  a  pilot  study  of  3  microwave  plus 
6  shortwave  RFR  exposure  situations  to  a  cohort  of  3004  respondents  who 
had  used  diathermy  equipment  for  up  to  20  or  more  years  is  also  not 
strong  evidence  of  actual  RFR  exposure  conditions. 

As  discussed  above,  a  straightforward  analysis  of  prevalence  rates  by 
subgroup  for  all  reported  medical  conditions  yielded  nonsignificant 
differences  between  subgroups  and  the  prevalence  rates  for  the  entire 
cohort.  Furthermore,  the  reported  prevalence  rates  for  the  entire 
cohort  were  below  population  rates  in  all  instances  (the  "healthy 
worker"  effect,  plus  the  higher  socioeconomic  group  ef fect--therapists 
are  better  off  as  a  group  than  the  general  population).  It  was  only 
after  a  regrouping  of  subjects  into  non-mutually-exclusive  categories 
(i.e.,  double-counting  of  subjects  in  more  than  one  category)  that  the 
analysis  showed  statistical  significance,  and  then  for  only  one  medical 
condition  out  of  10  tested.  For  blood  disorder,  cataracts,  diabetes, 
endocrine  disorder,  hearing  disorder,  high  blood  pressure,  nervous 
breakdown,  and  "other"  (including  cancer),  neither  of  the  two  analytical 
approaches  showed  any  statistically  significant  relationship  between  the 
condition  and  diathermy  usage. 

The  major  finding,  that  there  is  a  statistical  link  between  heart 
disease  and  self-reported  recollection  of  one  aspect  of  occupational 
exposure  (frequency  or  number  of  treatments/week,  but  not  employment 
duration)  to  shortwave  and  microwave  radiation  (the  latter  downplayed), 
but  not  to  joint  shortwave/microwave  exposure,  is  weak  at  best.  If 
shortwave  exposure  is  a  causal  agent  but  joint  shortwave/microwave 
exposure  is  not,  it  could  be  inferred  that  microwave  exposure  protects 
against  the  possible  adverse  effects  of  shortwave  exposure  with  respect 
to  heart  disease,  a  most  unlikely  conclusion.  Furthermore,  duration  of 
employment,  which  normally  would  be  considered  a  factor  in  "cumulative 
exposure,"  showed  no  statistically  significant  role. 

On  the  basis  of  the  RFR-bioef f ects  literature,  the  authors  classified 
into:  (1)  disorders  of  conduct  ion/rhythm  and  ischemia  and  (2)  "other," 
and  found  statistical  significance  only  for  the  first  category.  Heart 
disease,  however,  is  a  combination  of  many  symptoms  that  have  various 
etiologies.  Cigarette  smoking  is  identified  as  a  major  risk  factor  and 
is  widely  known  to  be  a  strong  predictor  of  heart  disease  in  an  aging 
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population  such  as  the  35+  group,  for  which  the  relationship  with  short¬ 
wave  exposure  was  claimed  in  the  present  study.  Inexplicably  (but 
acknowledged  by  the  authors),  smoking  history  was  not  included  in  the 
quest ionnaire.  Failure  to  consider  this  maj  or  biasing  factor  does  not 
inspire  great  confidence  in  the  sole  positive  result  of  this  study. 

Last,  the  authors  stated:  "To  our  knowledge,  no  epidemiologic  studies 
of  cardiovascular  effects  associated  with  shortwave  exposure  have  been 
reported."  Overall,  their  study  does  not  provide  strong  evidence  of 
such  an  association  either. 

Several  epidemiologic  studies  were  done  expressly  on  possible  ocular 
effects  of  chronic  exposure  to  RFR .  These  studies  are  discussed  in 
Section  3 . 1 . 4 . 1 . 2 . 

In  summary,  the  epidemiolog ic /occupat ional  studies  examined  provide  no 
clear  evidence  of  detrimental  health  effects  in  humans  from  chronic 
exposure  to  RFR  at  levels  within  prior  or  current  U.S.  standards. 
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3.1.2  CONGENITAL  ANOMALIES 


Two  studies  were  conducted  on  the  possible  relationship  between  the 
occurrence  of  Down's  syndrome  (Mongolism)  in  Baltimore,  MD,  and  presumed 
exposure  of  the  fathers  to  RFR  from  radars  during  military  service.  In 
the  first  study,  Sigler  et  al.  (1965)  examined  the  data,  derived  from 
Baltimore  hospital  records  and  interviews  with  parents,  on  216  Caucasian 
children  with  Down's  syndrome.  A  case  child  was  included  only  if,  by 
personal  inspection,  the  child  appeared  to  be  mentally  retarded  and  ex¬ 
hibited  at  least  six  primary  physical  criteria  for  Down's  Syndrome  or  if 
at  least  seven  such  criteria  were  listed  by  a  qualified  observer  on  the 
child's  medical  record.  The  216  case  children  included  were  matched 
with  216  control  children  for  hospital  of  birth  (or  at  home),  sex,  and 
birthdate  (within  6  months)  and  nearly  all  were  matched  for  maternal  age 
(within  1  year)  at  time  of  birth.  All  the  case  and  control  children 
were  born  between  January  1946  and  October  1962.  Their  parents  were 
also  well  matched  for  birthplace,  residence,  and  treatment  in  Baltimore 
hospitals . 

Histories  of  irradiation  of  the  mothers  were  obtained  and  categorized 
as;  diagnostic  radiation  excluding  fluoroscopy,  fluoroscopic  exposure, 
radiation  for  therapy,  and  occupational  contact.  Among  the  significant 
findings  was  that  17. 7X  of  the  case  mothers  had  one  or  more  fluoroscopic 
examinations  prior  to  the  birth  of  the  case  child  as  compared  with  only 
8. IX  of  the  control  mothers  (p<0.01).  The  fluoroscopic  histories  of  the 
case  and  control  fathers  did  not  differ  significantly.  The  other  signi¬ 
ficant  findings  were  that  14. 5X  of  the  case  mothers  reported  having  had 
therapeutic  radiation  exposures  (mostly  for  skin  ailments)  compared  with 
5. IX  of  the  control  mothers  (p<0.01),  and  that  7.9X  of  the  case  mothers 
had  worked  in  a  professional  or  technical  capacity  in  medical  fields  vs 
3.3X  of  the  control  mothers  (p<0.05). 

About  the  case  and  control  fathers,  63. IX  and  56. 6X  respectively  had 
been  in  the  military  service  (a  nonsignificant  difference),  but  8.7X  vs 
3.3X  had  reported  close  association  with  radars  as  technicians  or  opera¬ 
tors,  both  within  and  outside  of  military  service  (p-0.02). 

Sigler  et  al .  (1965)  thus  ascribed  the  higher  incidence  of  Mongolism 
primarily  to  greater  exposure  of  the  case  mothers  to  ionizing  radiation, 
but  concluded  that  "the  only  truly  puzzling  association  is  the  suggested 
relationship  between  Mongolism  and  paternal  radar  exposure,"  and  "one 
can  only  speculate  concerning  possible  mechanisms,  but  the  association 
between  Mongolism  and  radar  exposure  deserves  further  investigation." 

Cohen  et  al.  (1977)  reexamined  the  data  used  in  the  first  study, 
denoted  as  the  "Original  Series,"  together  with  data  on  128  additional 
matched  pairs,  denoted  as  the  "Current  Series."  These  authors  requested 
more  detailed  information  about  RFR  exposure  and  military  service  in  the 
questionnaires  used  for  the  Current  Series,  and  acquired  service-record 
information  on  the  fathers  (using  Army  and  Navy  consultants  to  classify 
military  job  titles  as  an  aid  toward  assessing  the  extent  of  exposure). 
They  also  tried  to  obtain  similarly  detailed  data  on  the  fathers  of  the 


Original  Series,  and  to  determine  whether  there  was  any  residual  damage 
in  the  peripheral-blood  chromosomes  of  case  fathers. 

From  interviews  of  the  fathers,  Cohen  et  al.  (1977)  classified  expo¬ 
sure  as  follows:  (a)  no  evidence  of  exposure  prior  to  conception  of  the 
index  child,  (b)  probably  no  exposure  (not  in  excess  of  that  of  the  gen¬ 
eral  population),  (c)  probably  some  exposure  in  service  and  industry  (in 
excess  of  that  of  the  general  population),  and  (d)  exposed  (occupation 
or  service  definitely  involving  radar).  Categories  (a)  and  (b)  were 
combined  and  called  "definitely  no  exposure,"  and  categories  (c)  and  (d) 
respectively  called  "questionable  exposure"  and  "definite  exposure." 

As  noted  above,  Sigler  et  al.  (1965)  found  that  8.72  of  the  case 
fathers  vs  only  3.32  of  the  control  fathers  in  the  Original  Series  had 
reported  close  association  with  radars  (p-0.02).  Reevaluation  of  this 
series  by  Cohen  et  al .  (1977)  yielded  13. 82  vs  11. 52,  still  a  positive, 
but  no  longer  significant  difference  (p>0.05).  In  the  Current  Series, 
the  total  of  case  fathers  in  the  "def initely-no-exposure"  and  "question¬ 
able-exposure"  categories  comprised  only  8.32,  whereas  12. 62  of  the 
control  fathers  were  in  the  "definite-exposure"  category.  Even  though 
the  difference  was  not  significant  (p-0.84),  the  trend  was  opposite  to 
that  of  the  Original  Series.  The  opposite  trend  was  also  found  when  the 
"questionable-exposure"  and  "definite-exposure"  categories  were  summed 
(21. 7%  vs  23.52).  When  the  numbers  in  the  Original  and  Current  Series 
were  combined,  the  respective  numbers  of  case  and  control  fathers  in  the 
"definite-exposure"  category  comprised  11.52  and  12.02,  indicating  that 
the  opposite  trends  in  the  two  series  were  counterbalanced.  Summing 
those  with  "questionable  exposure"  and  "definite  exposure"  yielded  19.9% 
vs  17.82  (p-0.62). 

Cohen  et  al.  (1977)  concluded  that  the  Current  Series  did  not  confirm 
the  suggestions  of  the  Original  Series  that  the  fathers  of  the  children 
with  Down's  syndrome  had  either  an  excess  of  radar  exposure  or  a  larger 
proportion  of  military  experience.  The  authors  noted:  "In  view  of  the 
suggestive  findings  of  the  Original  Series  with  regard  to  a  possible 
radar  association,  it  was  certainly  necessary  to  investigate  this 
question  further.  The  initial  steps  were  taken.  A  replication  study 
was  the  simplest  and  least  expensive  immediate  approach.  Supplementing 
it  with  the  independent  search  of  service  records  added  an  objective 
approach  eliminating  any  possible  differential  in  parental  responses. 
These  methods  have  been  attempted  with  inconclusive  findings;  it  is  now 
necessary  to  look  to  the  prospective,  longitudinal,  surveillance  studies 
to  resolve  the  issue." 

The  authors  also  remarked  that  the  statistically  significant  differ¬ 
ences  in  medical  (ionizing)  radiation  history  between  case  and  control 
mothers  found  in  the  Original  Series  were  absent  in  the  Current  Series, 
and  they  speculated  that  this  negative  finding  may  be  due  to  increased 
awareness  by  medical  practitioners  of  the  potential  health  hazards  of 
ionizing  radiation  to  women  in  the  childbearing  years,  leading  to  more 
restricted  exposure. 


In  view  of  the  absence  of  statistically  significant  differences 
between  the  incidence  of  Down's  syndrome  and  "radar"  exposure  of  the 
fathers  in  the  Current  Series  and  in  the  combination  of  the  Current  and 
the  Original  Series,  the  positive  finding  of  such  an  association  in  the 
Original  Series  appears  to  have  been  a  statistical  anomaly.  Results  of 
the  search  for  chromosome  damage  in  case  fathers  were  not  reported. 

A  major  problem  with  this  and  other  retrospective  epidemiologic 
studies  for  possible  RFR-induced  bioeffects  is  the  difficulty  in 
determining,  with  any  degree  of  confidence,  differences  in  levels  and 
durations  of  exposure  between  so-called  exposed  groups  and  unexposed 
groups.  Records  and  interviews  regarding  military  service,  even  at 
stations  where  the  use  of  radar  and  communications  systems  is  prevalent, 
rarely  provide  insight  into  actual  exposure  histories  for  either  group. 

Peacock  et  al .  (197i)  had  examined  an  Alabama-statewide  file  by  coun¬ 
ties  (stored  in  a  computer  at  the  School  of  Public  Health,  University  of 
Alabama  School  of  Medicine)  of  birth  certificates  filed  during  the  17 
months  from  July  1969  to  November  1970.  There  were  31,700  white  males, 
29,400  white  females,  14,900  black  males,  and  14,900  black  females  com¬ 
prising  a  total  of  90,900  infants.  The  records  showed  932  infants  with 
968  birth  defects  of  various  types  (by  I.S.C.  number)  corresponding  to 
an  overall  rate  of  10.3  newborns  with  anomalies  per  thousand  births,  a 
rate  comparable  with  those  in  similar  registries  elsewhere. 

Among  the  findings  was  that  "except  for  congenital  anomalies  of  the 
genital  organs  (I.S.C.  752)  where  there  is  the  expected  male  excess, 
differences  by  sex  are  not  very  striking."  However,  the  authors  noted: 
"Within  the  State  there  are  concentrations  of  certain  defects  in  defined 
geographical  areas  (Counties),"  and  they  presented  a  table  for  the  six 
counties  (Butler,  Calhoun,  Coffee,  Dale,  Henry,  and  Jefferson),  in  which 
the  totals  of  male  and  female  incidence  for  specific  anomalies  departed 
significantly  (p<0.05)  from  random.  For  the  white  infants,  anencephalus 
(I.S.C.  740),  found  in  excess  only  in  Calhoun,  had  the  highest  level  of 
significance  of  all  anomalies  irrespective  of  race.  Excess  incidences 
among  the  white  infants  at  successively  lower  levels  of  significance 
were  for:  clubfoot  (I.S.C.  754)  in  Dale,  spina  bifida  (I.S.C.  741)  in 
Henry,  anomalies  of  the  genital  organs  (I.S.C.  752)  in  Jefferson,  spina 
bifida  (I.S.C.  741)  in  Butler,  clubfoot  (I.S.C.  754)  in  Coffee,  and  ano¬ 
malies  of  the  heart  (I.S.C.  746)  in  Dale.  For  the  black  infants,  the 
only  anomaly  with  a  significant  excess  was  cleft  palate  and  lip  (I.S.C. 
749),  which  was  found  only  in  Calhoun  and  which  had  the  lowest  level  of 
significance  of  all  of  the  anomalies. 

It  is  noteworthy  that  in  this  paper,  the  authors  did  not  mention  Fort 
Rucker,  which  is  located  in  Dale  and  Coffee  Counties,  or  offer  possible 
causal  factors  for  the  excess  incidences  cited.  They  also  discussed 
overall  rates  found  by  other  investigators  for  other  regions  within  and 
outside  of  the  U.S.,  citing  rates  ranging  from  7.4  to  75.4  per  thousand, 
depending  on  the  population  studied,  the  types  of  anomalies  included, 
whether  the  investigators  personally  examined  all  births  or  relied  on  a 
notification  system,  and  on  whether  the  children  concerned  were  followed 


In  a  subsequent  report,  Peacock  et  al.  (1973)  indicated  that:  "Fort 
Rucker  is  a  pilot  training  base  for  fixed-  and  rotary-wing  aircraft  with 
a  military  population  in  recent  years  of  approximately  20,000  persons 
and  a  civilian  complement  of  about  9,000  persons.  There  are  46  radar 
installations  located  within  30  miles  of  the  base,  which  comprise  one  of 
its  particularly  unique  characteristics."  The  authors  then  stated  that 
an  unpublished,  more  detailed  study  by  Peacock  of  birth  certificates 
showed  that  during  the  same  period  considered  by  Peacock  et  al.  (1971), 
there  were  59  reported  congenital  anomalies  of  3,505  births  to  military 
personnel  in  the  six-county  area  surrounding  Fort  Rucker;  clubfoot  com¬ 
prised  14  of  these  anomalies  for  a  rate  of  4.0  per  thousand.  By  con¬ 
trast,  there  were  75  anomalies  in  10,996  civilian  births,  of  which  1  was 
clubfoot,  for  a  rate  of  0.1  per  thousand,  which  was  slightly  lower  than 
for  the  state. 

Peacock  et  al .  (1973)  then  stated:  "An  exhaustive  investigation  of  the 
accuracy  of  data  and  the  validity  of  tests  used  in  the  previous  study 
uncovered  a  number  of  data  processing  errors  and  revealed  that  certain 
assumptions  on  which  the  hypothesis  tests  were  based  are  of  questionable 
validity.  As  a  result,  a  complete  evaluation  of  the  earlier  study 
results  was  conducted.  The  data  used  in  this  evaluation,  however,  span 
a  four-year  time  period  rather  than  the  17-month  period  covered  in  the 
previous  study.  In  addition,  the  data  were  corrected  and  are  considered 
more  accurate  than  those  originally  used.  Also,  a  more  precise  test  of 
the  reliability  of  inferences  was  performed  that  does  not  rely  on  the 
questionable  use,  in  this  particular  test,  of  a  normal  approximation." 

To  adjust  the  reported  anomalies  for  "non-radar"  factors,  the  authors 
also  considered  the  numbers  of  fetal  deaths  vs  race,  age,  income  of 
parents,  and  selected  characteristics  of  hospitals  and  hospital  staffs 
that  might  influence  how  anomalies  are  diagnosed  and  recorded.  The 
authors  stated:  "This  comparison  revealed  that  the  reported  anomaly 
rates  differ  substantially  among  hospitals  and  that  the  state  average 
rate  does  not,  in  general,  constitute  a  valid  norm  to  compare  against 
the  number  of  anomalies  observed  at  individual  hospitals." 

After  accounting  for  the  non-radar  factors,  the  authors  repeated  the 
tests  for  the  Fort  Rucker  area  and  specifically  for  Lyster  Hospital  (at 
Fort  Rucker).  In  addition,  as  a  "control"  test,  they  compared  the  fetal 
death  anomaly  rates  in  military  hospitals  at  "radar  bases"  Fort  Rucker 
and  Eglin  Air  Force  Base  with  those  of  three  military  hospitals  in  bases 
with  minimal  radar  networks.  The  results  of  the  retests  confirmed  that 
the  total  anomaly  late  and  the  rates  for  anomalies  of  the  heart,  genital 
organs,  and  musculoskeletal  categories  were  abnormally  high  at  Lyster 
Hospital.  Also,  fetal  deaths  for  Lyster  and  for  the  hospital  at  Eglin 
Air  Force  Base  were  almost  the  same,  and  "constitute  evidence  that  the 
problem  may  be  associated  with  radar." 

Interestingly,  the  authors  attributed  the  apparently  high  clubfoot 
rate  to  reporting  differences.  They  stated:  "While  the  clubfoot  rate  at 


Lyster  is  still  higher  than  expected,  the  probability  is  only  about  0.74 
that  the  difference  is  statistically  significant.  The  factor  that  most 
influences  this  difference  in  the  level  for  clubfoot  is  the  fact  that 
the  Lyster  Hospital  is  a  military  hospital,  rather  than  because  of  the 
proximity  of  major  radar  installations,"  noting  that  social  stigma  is 
less  likely  to  influence  reporting  this  anomaly  for  births  at  military 
than  civilian  hospitals. 

Burdeshaw  and  Schaffer  (1977)  reexamined  the  Alabama  birth  record  data 
studied  previously  by  Peacock  et  al.  (1971)  for  possible  RFR-related 
anomalies.  Instead  of  using  statewide  averages,  however,  Burdeshaw  and 
Schaffer  (1977)  compared  the  data  for  Coffee  and  Dale  Counties  with 
those  of  each  of  the  other  65  counties  in  Alabama  on  a  score  and  rank 
basis.  They  also  sent  questionnaires  to  46  Alabama  hospitals  to  acquire 
more  detailed  information  on  hospital  characteristics  and  reporting 
procedures,  to  permit  prediction  of  expectation  values  for  Lyster  Army 
Hospital  in  Fort  Rucker.  They  found  the  following  evidence  against  the 
conclusion  that  there  is  an  unusually  high  incidence  rate  of  congenital 
anomalies  in  the  Fort  Rucker  area: 

1.  During  the  study  period  July  1968-December  1972,  the  overall  rates 
for  Coffee  and  Dale  Counties  ranked  only  sixth  and  eighth  among  the  67 
counties  in  Alabama. 

2.  Although  the  two  highest  rates  in  a  sample  of  47  hospitals  were  18.0 
at  the  Air  Force  Regional  Hospital  in  Maxwell  Air  Force  Base  (Montgomery 
County)  and  17.7  at  Lyster  Army  Hospital,  there  were  five  nonmilitary 
hospitals  in  Alabama  that  had  lower,  but  not  statistically  different, 
rates  from  those  for  Maxwell  and  Lyster:  14.5  at  Stabler-Memorial  (But¬ 
ler  County),  a  private  nonprofit  hospital;  14.3  at  Henry-County;  13.4  at 
North-Jackson  (Jackson  County);  12.5  at  Hale-County;  and  12.2  at  Bur¬ 
dick-West-Memorial  (Winston  County),  the  last  four  of  which  were  Govern¬ 
ment  (nonmilitary)  hospitals. 

3.  Prediction  intervals  showed  that  Lyster's  overall  rate  was  well 
within  what  would  be  expected  from  a  hospital  with  characteristics 
similar  to  those  of  Lyster. 

4.  When  the  addresses  of  the  mothers  of  anomalous  infants  were  plotted 
on  county  road  maps,  no  significant  clustering,  especially  in  the  vicin¬ 
ity  of  presumed  radar  sites,  was  apparent. 

5.  The  rates,  by  International  Classification  of  Diseases  catego  y, 
from  Lyster  appeared  to  be  consistent  with  rates  obtained  from  carefully 
controlled  studies,  such  as  one  reported  for  Mayo  Clinic  (Harris  et  al., 
1975).  Because  there  was  no  reason  to  believe  that  the  rates  at  Mayo 
were  unusually  high,  they  were  taken  as  reasonable  comparison  data  for 
the  Rucker  study. 

6.  When  the  occurrences  of  anomalies  within  categories  with  the  highest 
rates  at  Lyster  were  plotted  on  a  time  axis,  significant  clustering  was 
apparent.  There  is  evidence  that,  in  most  cases,  the  reporting  of  ano- 


raalies  within  a  cluster  may  be  attributable  mainly  to  one  or  two  physi¬ 
cians,  rather  than  the  several  physicians  on  the  staff  at  any  one  time. 

Burdeshaw  and  Schaffer  (1977),  however,  cited  two  observations  that 
prevented  the  dismissal  of  the  anomaly  question: 

(a)  The  two  highest  rates  from  the  hospital  survey,  at  Fort  Rucker  and 
Maxwell  AFB,  were  both  from  military  installations  and  aviation  centers. 
These  rates  cannot  be  explained  easily  by  the  fact  that  military  hospi¬ 
tals  are  more  alert  to  the  presence  of  anomalies,  because  the  rates  at 
Redstone  Arsenal  and  Fort  McClellan  in  Alabama  were  respectively  7.1  and 
0.7. 

(b)  Thirteen  of  17  counties  with  overall  rates  in  the  upper  quartile  lie 
within  a  contiguous  band  that  has  one  terminus  in  Houston  County,  the 
southeasternmost  county  in  Alabama,  and  that  extends  west-northwesterly 
to  Marengo,  one  county  removed  from  the  Mississippi  state  line.  Ten  of 
the  20  counties  in  the  southeast  quadrant  of  Alabama  had  rates  in  the 
upper  quartile,  more  than  can  be  explained  by  chance.  This  phenomenon, 
however,  may  involve  more  than  a  "military  base”  explanation. 

Their  overall  conclusion  was  that  on  the  basis  of  the  birth-record  data, 
it  could  not  be  concluded  that  an  unusually  large  number  of  infants  with 
congenital  anomalies  were  born  to  military  personnel  at  Fort  Rucker  or 
to  other  residents  in  the  immediate  area. 

Kallen  et  al .  (1982),  hypothesizing  that  physiotherapists  were  more 
likely  to  have  been  occupationally  exposed  to  various  agents  (chemicals, 
drugs.  X-rays,  RFR)  than  the  general  population,  conducted  a  cohort 
study  on  2,043  infants  (including  25  pairs  of  twins)  born  during  1973  to 
1978  in  Sweden  to  2,016  females  registered  as  physiotherapists  at  the 
time  of  pregnancy.  The  authors  noted  that  certified  physiotherapists  in 
that  country  are  registered  and  given  unique  identification  numbers  in  a 
computer  file  at  the  National  Board  of  Health  and  Welfare.  In  addition, 
the  Medical  Birth  Register  contains  computerized  information  on  all  de¬ 
liveries  in  Sweden  since  1  January  1973,  including  newborn  survival,  the 
presence  of  possible  malformations,  and  the  identification  number  of  the 
mother.  Cross-linking  of  files  in  these  registers  made  it  possible  to 
identify  infants  of  mothers  registered  as  physiotherapists  at  the  time 
of  delivery. 

This  cohort  was  then  analyzed,  with  respect  to  perinatal  mortality  and 
the  presence  of  malformations,  by  comparison  with  information  on  all 
deliveries  in  the  Medical  Birth  Register.  Identifications  of  newborns 
diagnosed  as  malformed  were  verified  further  in  the  Swedish  Register  of 
Congenital  Malformations,  which  contains  much  more  detailed  data  on 
malformed  infants.  Expected  values  were  calculated  for  each  parameter 
studied,  with  corrections  for  age  and  parity  distribution  (pregnancy 
number)  of  the  mothers,  and  hospital  of  delivery  (which  influences  the 
reported  diagnosis  of  malformations,  notably  minor  ones). 

Shown  in  Table  11  are  the  results  for  the  total  cohort,  with  the 
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expectation  values  for  the  entire  population  in  parentheses: 

TABLE  11:  RESULTS  FOR  TOTAL  COHORT 

Number  of  infants  born  before  38th  week:  170  (200) 

Number  of  infants  weighing  less  than  2.5  kg:  64  (92) 

Sex  ratio:  1.08  (1.06) 

Number  of  stillbirths:  7  (12) 

Number  of  deaths  before  7th  day:  9  (11) 

Total  perinatal  deaths:  16  (23) 

Number  of  infants  with  malformation  diagnosis:  101  (102) 
Number  of  infants  with  major  malformation:  27  (32) 


The  authors  suggested  that  the  excellent  outcome  of  this  cohort  study 
could  have  been  the  result  of  a  "healthy  worker"  effect.  However,  they 
considered  the  possibility  that  the  total  outcome  is  "loaded"  by  a  small 
subgroup  with  an  occupationally  higher  risk  for  fetal  damage,  stating: 
"Theoretically,  if  a  hazardous  exposure  exists,  it  should  be  more  common 
among  the  few  females  who  had  dead  or  malformed  infants  than  among  the 
females  who  had  normal  babies."  Accordingly,  the  authors  performed  a 
case-control  study  within  the  cohort,  in  which  each  of  37  selected 
infants  with  major  malformations  or  without  malformations  who  died 
perinatally  were  compared  with  two  normal  infants  matched  for  maternal 
age,  parity,  and  time  of  delivery  during  the  year  (to  compensate  for 
seasonality  of  work),  for  a  total  of  74  controls.  Exposures  for  the 
case  and  control  mothers  were  estimated  from  answers  to  a  questionnaire 
that  asked  (in  part): 

"Did  you,  during  the  pregnancy,  work  with  or  in  close  proximity  to  the 
following : 

Shortwave  equipment:  daily/of ten/seldom/never 
Microwave  equipment:  daily/often/seldom/never 
Ultrasonic  equipment:  daily/of ten/seldom/never 
X-Ray  equipment:  daily/often/seldom/never 
Electrostimulator:  daily/of ten/seldora/ never 

Did  you  use  hexachlorophene-containing  soap  (e.g.,  Phisehex): 
daily /of ten/seldom/never" 

The  final  response  rate  to  the  questionnaire  (after  a  reminder)  was 
93X,  comprising  36  case  mothers  and  67  control  mothers,  plus  one  reply 
from  a  mother  indicating  that  she  did  not  wish  to  participate.  Among 
the  104  who  responded,  96  had  worked  as  physiotherapists  during  the 
relevant  pregnancy;  of  the  remaining  eight,  one  had  become  a  doctor,  one 
was  a  veterinary  student,  and  the  other  six  were  not  working  outside 
their  homes.  Of  the  96  physiotherapists,  33  were  case  mothers  and  63 
were  control  mothers,  distributed  among  the  four  exposure  modalities. 

Of  particular  interest  is  the  authors'  table  of  shortwave  equipment 
usage  (based  on  the  responses  to  the  questionnaire),  shown  below  as 
Table  12: 
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TABLE  12:  CATEGORIES  OF  SHORTWAVE  EQUIPMENT  USAGE  (2X4) 


Case  Mothers 


Control  Mothers 


never  15 
seldom  7 
often  2 
daily  9 


25 

29 

5 

4 


The  authors  chose  to  combine  the  categories  "never"  and  "seldom"  and 
the  categories  "often"  and  "daily,"  thus  obtaining  2x2  Table  13: 


TABLE  13:  CATEGORIES  OF  SHORTWAVE  EQUIPMENT  USAGE  (2X2) 

Case  Mothers  Control  Mothers  Total 

never/seldom  22  54  76 

often/daily  11  9  20 

Total  96 


They  tested  the  latter  table  with  Fisher's  1-tailed  Exact  Test 
(Meddis,  1975),  and  found  a  statistically  significant  difference 
(p-0.03)  between  case  and  control  mothers  in  the  "often/daily"  category. 
Examination  of  the  diagnoses  of  the  infants  of  those  11  case  mothers, 
however,  showed  no  obvious  pattern  of  malformations. 

The  authors  also  noted  that  there  were  no  significant  differences  in 
exposure  to  the  other  modalities  (or  for  the  usage  of  hexachlorophene- 
containing  soap),  but  that  the  trend  found  for  shortwaves,  though  not 
significant,  was  present  for  the  use  of  ultrasound  equipment.  They 
stressed  that  these  two  modalities  were  heavily  associated:  of  the  96 
mothers,  17  reported  using  only  ultrasonics  and  6  only  shortwaves,  but 
14  reported  using  both  (vs  only  65  expected  by  random  association). 


In  their  discussion,  the  authors  carefully  reviewed  and  interpreted 
the  results  of  their  study.  They  concluded  that  the  physiotherapists  as 
a  group  had  a  slightly  better-than-expected  outcome  for  perinatal  deaths 
and  major  malformations  than  did  the  general  Swedish  population  for  the 
same  period.  Regarding  the  statistically  significant  higher  use  of 
shortwave  equipment  among  those  physiotherapists  who  gave  birth  to  a 
malformed  or  perinatally  dead  infant,  the  authors  were  aware  that  the 
results  could  have  arisen  at  random  because  the  significance  level  was 
borderline,  but  found  it  difficult  to  dismiss  the  finding  on  that  basis. 


|  This  paper  is  an  example  of  a  well  conceived  and  conducted 

|  logic  investigation  into  whether  occupational  exposure  to  RFR 

l  tially  hazardous.  Especially  noteworthy  was  the  availability 

|  terized  comprehensive  and  complete  data  files  on  many  aspects 

! 
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of  the 


economy  and  population  in  Sweden,  in  direct  contrast  to  the  relative 
inaccessibility  and/or  lack  of  completeness  of  data  in  many  similar 
studies.  The  authors  also  reported  on  their  methodology  and  interme¬ 
diate  results  in  sufficient  detail  to  permit  independent  checking  of 
their  statistical  calculations.  (These  were  correct.) 

Their  overall  findings  appear  to  be  valid.  As  they  noted,  however, 
the  results  of  the  case-control  study  did  indicate  a  possible  rela¬ 
tionship  between  higher  use  of  shortwave  equipment  and  increased  in¬ 
cidence  of  perinatal  mortality  and  malformations,  a  finding  of  possible 
importance.  In  view  of  the  relatively  small  numbers  of  subjects  in  the 
case-control  study,  a  sensitivity  analysis,  discussed  below,  was  per¬ 
formed  on  the  reported  case-control  data  in  addition  to  checking  the 
correctness  of  the  authors'  statistical  calculations. 

The  Fisher  .'.-tailed  exact  test  on  2x2  Table  13  above  does  yield 
z»1.91,  p-0.028.  Suppose,  however,  that  one  of  the  case  mothers  had 
responded  "often"  rather  than  "seldom".  Table  13  would  become  Table  14: 

TABLE  14:  ASSUMED  ALTERATION  OF  TABLE  13 

Case  Mothers  Control  Mothers  Total 

never/seldom  23  54  77 

often/daily  10  9  19 

Total  96 


For  this  new  table,  z-1.59,  p-0.056.  That  is,  shifting  one  response 
from  "often"  to  "seldom"  would  result  in  a  statistically  nonsignificant 
result  (at  the  5X  level).  A  similar  exercise  wherein  one  response  in 
the  control  group  is  moved  from  "seldom"  to  "often,"  with  no  change  in 
case  responses,  would  result  in  z-1.70,  p-0.045,  which  is  close  to  the 
51  arbitrarily  defined  level  dividing  significance  from  nonsignificance. 
Shifting  two  responses  would  yield  the  nonsignificant  z-1.49,  p-0.068. 
Thus,  it  is  seen  that  although  the  results  presented  by  the  authors  are 
technically  correct  and  the  study  was  performed  with  great  care,  their 
finding  regarding  exposure  to  shortwaves  was  critically  dependent  on  the 
recollection  accuracy  of  the  respondents  with  regard  to  the  frequency  of 
use  of  the  shortwave  equipment,  and  should  serve  only  to  indicate  a  need 
for  a  case-control  study  with  larger  populations  (if  available)  for 
greater  statistical  robustness. 

In  overall  conclusion,  none  of  these  epidemiologic  studies  provide 
conclusive  evidence  that  congenital  anomalies  or  perinatal  infant  deaths 
are  caused  by  chronic  exposure  of  females  during  pregnancy,  or  of  males 
prior  to  becoming  fathers,  to  RFR  at  levels  within  prior  or  current  U.S. 
standards,  a  finding  consonant  with  those  for  the  occupational  studies 
discussed  in  Section  3.1.1. 
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3.1.3 


CLINICAL  STUDIES  OF  ACCIDENTAL  OVEREXPOSURE 


There  have  been  various  cases  of  occupational  exposure  to  high  levels 
of  RFR,  especially  for  some  years  after  World  War  II,  in  which  the  sub¬ 
jects  were  reported  to  have  suffered  physiological  harm.  In  a  presen¬ 
tation  by  Graham  (1985),  the  history  of  the  Air  Force's  activities  and 
its  program  for  protection  of  personnel  against  possible  hazards  of  RFR 
and  of  its  investigations  of  incidents  of  possible  accidental  overexpo¬ 
sure  to  RFR  were  reviewed.  That  presentation  is  summarized  below. 

In  recounting  the  program's  history,  Graham  indicated  that  before 
1970,  programs  within  the  Air  Force  community  for  protection  against  RFR 
were  largely  managed  separately  by  each  Air  Force  base.  In  raid-1970 
however,  the  U.S.  Air  Force  Radiological  Health  Laboratory  (RHL),  a 
predecessor  of  the  USAF  Occupational  and  Environmental  Health  Laboratory 
(OEHL)  was  tasked  by  the  Air  Force  Surgeon  General  to  develop  an  RFR 
protection  program  for  Air-Force-wide  implementation.  Also  about  1970, 
allegations  were  widely  made  that  radar  operators  had  been  exposed  to 
hazardous  RFR  levels  while  in  certain  aircraft,  which  caused  cataracts. 
To  respond,  the  RHL  and  the  Air  Force  Communications  Service  (AFCS) 
conducted  one  of  several  studies  (Penikas  et  al.,  1970,  1973)  to 
determine  whether  there  existed  a  basis  for  such  allegations.  Graham 
stated:  "That  first  study  lacked  sophistication,  but  the  investigators 
were  unable  to  distinguish  any  difference  in  the  eyes  of  career  RF 
workers  when  compared  to  a  matched  group  of  non-RF  workers." 

In  1972,  USAF  performed  a  more  comprehensive  study  (Odland,  1972; 
Odland  et  al.,  1972)  involving  nearly  1000  subjects.  About  half  the 
subjects  had  worked  in  RFR  occupations  from  2  to  more  than  45  years. 

The  others  comprised  a  control  group  carefully  selected  for  having  no 
occupational  exposure  to  RFR  and  who  were  carefully  age-matched  with  the 
exposure  group.  Graham  stated:  "The  results  of  that  so  called  'Five- 
Base  Study'  demonstrated  that  microwave  cataractogenesis  was  a  non¬ 
entity  within  the  Air  Force  work  force.  Primarily  as  a  result  of  that 
study,  microwave  radiation  was  largely  dismissed  as  a  possible/probable 
cause  of  cataract  activity  among  Air  Force  workers  who  are/were  occupa¬ 
tionally  exposed  at  levels  within  the  PEL  [permissible  exposure  limit, 
then  10  mW/sq  cm].  That  fact  remains  essentially  true  today."  [Other 
studies  of  possible  RFR  cataractogenesis  are  discussed  in  Section 
3. 1.4. 1.2.] 

Graham  (1985)  discussed  the  successive  Air  Force  exposure  standards 
that  culminated  in  the  current  revision  of  Air  Force  Occupational  Safety 
and  Health  Standard  161-9  (AF0SH,  1984),  which,  in  addition  to  speci¬ 
fying  frequency-dependent  PELs,  includes  the  guidance  and  procedures  for 
the  management  of  overexposures  to  RFR.  He  noted  that  since  1972,  it 
has  been  Air  Force  policy  that  every  suspected  or  alleged  exposure  to 
PFF  in  excess  of  the  PELs  be  investigated  thoroughly: 

To  determine  whether  or  not  an  overexposure  actually  did  occur. 

: f  an  overexposure  did  occur,  to  definitively  determine  both  the 
;  w»r  density  encountered  and  the  duration  of  exposure. 
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3)  To  recommend  and  coordinate  appropriate  medical  evaluations  if  such 
be  indicated. 

Standard  AFOSH  (1984)  requires  that  whenever  a  suspected  overexposure 
occurs  or  is  alleged,  the  individuals  involved  must  promptly  report  the 
matter  to  their  supervisor.  The  supervisor  must  then  ensure  that  the 
individuals  report  promptly  to  an  appropriate  medical  facility,  usually 
the  base  hospital.  The  standard  also  requires  that  Directors  of  Base 
Medical  Services  (DBMS)  ensure  that  their  physician  staffs  know  and 
understand  the  principles  of  RFR  injury  and  the  appropriate  tests  and 
treatments  that  may  be  needed. 

Of  primary  importance  during  the  initial  post-accident  visit  of  the 
individual  to  the  medical  facility  are  to  try  to  quantitate  the  exposure 
history  in  relation  to  any  manifest  symptoms  and  to  document  in  detail 
certain  medical  baselines  against  which  changes  can  be  measured  later, 
should  they  occur.  It  is  therefore  imperative  to  establish  a  complete 
and  comprehensive  case  record  to  facilitate  future  decisions  about  the 
need  for  follow-up  medical  examinations  and  evaluation  of  findings. 

The  incident  must  be  meticulously  reconstructed,  using  the  same 
emitter  operating  at  identical  parameters  and  at  the  direction  of  the 
personnel  involved.  On  completing  the  reconstruction,  the  data  must  be 
evaluated  and  a  definitive  determination  must  be  made  regarding  whether 
or  not  an  overexposure  had  occurred.  If  it  should  be  determined  conclu¬ 
sively  that  an  overexposure  had  not  occurred,  all  medical  activity  con¬ 
nected  with  the  incident  is  to  be  halted  and  detailed  documentation  sup¬ 
porting  that  conclusion  is  to  be  prepared.  For  conclusively  determined 
incidents  of  overexposure,  the  standard  requires: 

a)  An  accurate  as  possible  quantification  of  the  exposure. 

b)  A  determination  as  to  what  part  of  the  body  was  primarily  exposed  or 
whether  the  whole  body  was  exposed. 

c)  Detailed  review  of  any  clinical  symptoms  manifested  by  the  victims. 

d)  Prompt  consultation  with  Board  Certified  Occupational  Medicine 
Physicians  at  USAF  OEHL  to  determine  what,  if  any,  further  medical 
evaluations  are  needed  and  where  they  will  be  obtained. 

For  incidents  where  the  investigation  is  inconclusive,  the  individuals 
involved  are  to  be  treated  as  if  they  had  been  overexposed. 

The  standard  specifies  what  kinds  of  medical  consultations/evaluations 
should  be  necessary  relative  to  the  kinds  of  overexposure  situations  and 
which  medical  offices/agencies  are  responsible  for  the  professional  and 
administrative  management  of  the  individuals.  These  persons  are  also  to 
be  tracked  throughout  their  Air  Force  careers,  including  the  scheduling 
of  periodic  medical  reevaluations  as  appropriate. 

To  illustrate  the  operation  of  the  program,  Graham  presented  in  detail 
six  cases  of  actual  or  possible  overexposure  that  occurred  during  the 
period  1974-1983.  He  stated:  "All  six  of  the  exposees  have  undergone 
extensive  medical  evaluations  at  the  USAFSAM  and  four  have  also  been 
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evaluated  at  one  or  more  civilian  institutions.  The  preliminary  results 
obtained  from  the  medical  files  at  USAFSAM  are  inconclusive  in  that  no 
findings  were  noted  that  could  be  directly  attributed  to  the  exposures, 
with  the  exception  of  acute  situational  anxiety  reactions.  All  other 
manifestations  were  viewed  as  being  transitory  in  nature  with  no  per¬ 
manent  effects  expected.  Reevaluations  of  these  individuals  are  ex¬ 
pected  to  continue  on  a  regular  basis  for  some  years  to  come." 

Last,  Graham  summarized  the  medical  evaluations  of  possible  accidental 
overexposure  to  RFR  involving  more  than  330  persons  during  the  period 
from  the  spring  of  1972  to  1  August  1984.  He  noted  that  not  all  of  the 
personnel  involved  had  been  Air  Force  employees;  incidents  had  occurred 
on  Air  Force  bases  involving  civilian  contractors,  foreign  nationals, 
and  U.S.  Army  and  Marine  Corps  personnel.  He  also  stated:  "In  many 
cases  the  medical  data  obtained  from  the  evaluations  of  the  accidental 
RFR  overexposures  are  incomplete  in  several  respects,  primarily  due  to  a 
lack  of  standardization  of  the  clinical  examinations.  Nevertheless, 
these  case  files  can  and  do  provide  important  anecdotal  information 
concerning  human  exposure  to  RFR  fields.  This  repository  of  case  files 
is  the  only  one  of  its  kind  known  to  exist." 

Only  58  individuals  with  files  in  the  repository  were  positively  con¬ 
firmed  to  have  had  exposures  exceeding  the  PEL.  Of  those  58  persons,  26 
reported  that  they  had  clearly  felt  a  warming  sensation  at  the  time  of 
overexposure,  20  had  felt  no  warmth,  and  12  had  not  been  sure.  It  was 
therefore  concluded  that  about  45X  of  those  overexposed  had  probably 
terminated  the  exposure  because  they  felt  the  energy.  Of  approximately 
240  persons  presumed  to  have  been  overexposed  but  who  were  subsequently 
confirmed  to  have  had  exposures  not  exceeding  the  PEL,  26  had  felt  a 
warming  sensation  and  had  terminated  the  exposure  before  the  PEL  could 
be  exceeded,  173  had  felt  no  sensation,  and  39  had  not  been  sure. 

Graham  indicated  that  medical  review  of  the  results  revealed  few  if 
any  consistent  clinical  patterns.  Even  in  the  cases  where  intense  lo¬ 
calized  exposures  had  occurred,  erythema  and/or  edema  were  rarely  seen 
at  the  time  of  physical  examination.  Lenticular  imperfections  such  as 
small  punctuate  opacities  and  vacuoles  were  noted  frequently  in  indivi¬ 
duals  whose  overexposure  was  primarily  to  the  head.  However,  none  of 
these  ocular  observations  were  considered  to  be  clinically  significant 
because  no  concomitant  visual  impairment  was  noted.  Moreover,  it  was 
impossible  to  determine  whether  any  of  these  imperfections  were  present 
in  these  persons  before  the  RFR  incident;  the  same  types  of  ocular  im¬ 
perfections  are  very  prevalent  in  the  general  population  and  are  often 
encountered  during  routine  ophthalraolog ical  examinations. 

In  the  entire  group  of  overexposed  persons,  serum  enzyme  levels,  blood 
counts,  blood  pressures,  sedimentation  rates,  and  electrocardiograms 
were  all  judged  unremarkable  after  clinical  review  by  several  physicians 
well  experienced  in  evaluating  RFR  exposees,  strongly  suggestive  that  no 
clearly  defined  tissue  damage  had  occurred.  Some  of  the  overexposees 
were  given  detailed  psychological  testing.  On  occasion,  the  evaluators 
attempted  to  draw  some  conclusions,  but  such  efforts  were  hampered  se- 
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verely  by  the  lack  of  preexposure  baseline  data  for  comparison  and 
interpretation.  During  neurological  examinations  conducted  in  concert 
with  the  psychological  studies,  however,  no  abnormalities  were  noted. 

Persons  accidentally  exposed  to  levels  of  RFR  exceeding  the  PEL  often 
manifest  clinical  symptoms  such  as  headache,  nausea,  fatigue,  malaise, 
and  palpitations,  which  can  be  attributed  to  anxiety  reactions  to  the 
situations,  but  it  is  impossible  to  completely  rule  out  an  organic 
etiology.  Some  high-level  overexposures,  e.g.,  at  levels  exceeding  500 
mW/sq  cm,  resulted  in  anxiety  reactions  so  severe  that  hospitalization 
and  sedation  were  necessary.  The  reactions  were  severe  enough  in  some 
cases  to  warrant  psychiatric  referral  and  evaluation. 
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3.1.4 


SPECIAL  SENSES 


This  section  is  devoted  to  studies  of  RFR-induced  ocular  effects,  the 
RFR-hearing  effect,  and  cutaneous  perception  of  RFR.  Although  these 
topics  are  presented  under  "Studies  of  Humans,"  it  is  more  convenient  to 
include  here  appropriate  studies  with  animals  than  in  separate  sections. 

3 . 1 . 4 . 1  OCULAR  EFFECTS 

The  fear  that  RFR  can  cause  cataracts  is  a  recurring  theme  in  news¬ 
papers  and  other  popular  media.  The  eye  lens  is  most  vulnerable  to 
heating  by  RFR  because  other  regions  have  more  effective  means  of  heat 
removal,  such  as  greater  blood  circulation,  and  from  some  of  the  exper¬ 
imental  results  described  below  with  animals,  it  is  undoubtedly  true 
that  if  a  person's  eyes  were  exposed  to  intensities  high  enough  to 
elevate  the  temperature  of  the  lens  by  about  5  deg  C  or  more,  the  lens 
would  quickly  suffer  damage. 

3.  1.4. 1.1  ANIMALS 

One  of  the  earlier  studies  of  effects  of  RFR  exposure  on  the  eyes  of 
live  experimental  animals  was  by  Cogan  et  al .  (1958),  who  endeavored  to 
compare  cataractogenic  levels  of  whole-body  exposure  of  rabbits  to  CW 
RFR  with  levels  that  caused  death.  These  authors  exposed  groups  of 
rabbits  to  either  468-MHz  RFR  within  a  rectangular-waveguide  system  or 
to  free-space  385-MHz  RFR  from  a  horn.  Rectal  temperatures  were  taken 
before  and  after  each  exposure.  Ophthalmoscopic  examinations  were  made 
before,  and  at  variable  intervals  after,  exposures.  Also  conducted  in 
selected  cases  were  slit-lamp  biomicroscopic  examinations. 

The  results  of  initial  exposures  in  the  waveguide  system  indicated 
that  rabbits  could  tolerate  10  mW/sq  cm,  at  which  the  absorption  rate 
was  about  3  W,  for  many  hours  without  significant  rectal-temperature 
rise  or  other  apparent  effect.  At  30  mW/sq  cm  (absorption  rate  about  10 
W),  however,  several  rabbits  died  within  about  2  hr,  and  at  60  mW/sq  cm 
(absorption  rate  about  20  W) ,  some  deaths  occurred  after  about  30  min. 
Accordingly,  most  ter  exposures  (discussed  below)  were  done  at  levels 
and  durations  that  were  sublethal  but  caused  rectal-temperature  rises  of 
1.5-2  deg  C.  Noted  by  the  authors  was  that  for  184  exposures  of  23 
rabbits  at  60  mW/sq  cm,  the  mean  whole-body  SAR  was  8.1  W/kg  with  a 
standard  deviation  of  1.25  W/kg. 

Ten  rabbits  were  exposed  individually  to  468-MHz  RFR  at  60  mW/sq  cm 
(about  8  W/kg)  for  20  rain  weekly  and  12  rabbits  for  20  rain  daily,  with 
15  rabbits  for  each  group  serving  as  controls.  Eight  other  rabbits  were 
exposed  twice  weekly  to  385-MHz  RFR,  four  at  60  mW/sq  cm  (about  8  W/kg) 
for  15  rain  and  four  at  30  mW/sq  cm  (about  4  W/kg)  for  90  min  (nearly 
lethal  levels),  with  10  rabbits  as  controls. 

Examinations  of  the  eyes  of  the  RFR-exposed  rabbits  showed  no  cata¬ 
racts.  Punctate  opacities  were  seen  occasionally  in  the  posterior  sub- 
capsular  cortex,  but  were  also  seen  prior  to  exposure  and  were  as 
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frequent  in  the  controls  as  in  the  exposed  rabbits. 

Carpenter  et  al.  (1960)  exposed  136  rabbits  to  2.45-GHz  CW  RFR  once 
each  at  a  power  density  in  the  range  from  120  to  400  mW/sq  cm  and  a  du¬ 
ration  in  the  range  from  60  to  10  min.  The  exposures  were  done  in  an 
anechoic  chamber  at  about  2  inches  from  the  plastic  housing  of  a  corner- 
reflector  antenna,  with  the  corneal  surface  of  the  right  eye  positioned 
opposite  the  dipole  crossover  of  the  antenna.  Power  densities  were  de¬ 
termined  at  the  position  of  the  right  eye  by  calorimetry  with  a  plastic 
sphere  about  the  size  of  the  rabbit  eye  and  filled  with  saline  solution 
of  dielectric  constant  similar  to  that  of  the  eye.  However,  the  authors 
regarded  the  measurements  as  nothing  more  than  "reproducible  equivalents 
of  absorbed  power  at  the  position  of  the  eye."  Following  exposure,  the 
eyes  were  examined  regularly  with  an  ophthalmoscope  and  slit-lamp 
microscope . 

The  left  eye  of  each  rabbit  remained  clear  after  exposure.  Level-  and 
duration-dependent  degrees  of  opacity  were  observed  in  the  right  eye  for 
some  exposure  conditions.  These  opacities  were  uniformly  located  in  the 
posterior  subcapsular  cortex  and  first  appeared  within  1  to  6  days  after 
exposure,  with  a  mean  latency  of  3.5  days.  The  outcome  of  each  exposure 
condition  was  shown  as  a  circle  on  a  power-density  vs  exposure-duration 
graph,  with  solid  circles  for  those  that  yielded  lens  opacities  and  open 
circles  for  those  that  had  no  effect.  The  curve  connecting  the  circles 
corresponding  to  the  minimum  duration  at  each  power  density  that  caused 
a  recognizable  opacity  to  develop  was  taken  as  the  curve  of  time  and 
power-density  threshold  for  opacity  induction  by  single  exposure.  This 
curve  was  a  rectangular  hyperbola  indicative  of  reciprocity,  with  a  non¬ 
zero  power-density  offset  (asymptote).  The  threshold  durations  at  400 
and  120  mW/sq  cm  were  about  3  and  35  min,  respectively;  the  durations 
were  intermediate  for  power  densities  between  these  two  values.  By  ex¬ 
trapolation  beyond  60  rain,  the  asymptotic  threshold  power  density  (for 
indefinitely  long  exposure)  was  roughly  80  mW/sq  cm. 

Temperatures  within  the  eyes  of  34  anesthetized  rabbits  during  expo¬ 
sure  at  nine  RFR  levels  were  measured  with  a  22-gauge  shielded  hypo¬ 
dermic-needle  thermistor  with  its  tip  inserted  in  the  vitreous  at  a 
location  directly  behind  the  posterior  pole  of  the  lens  but  not  in 
contact  with  the  lens  capsule,  an  operation  said  to  not  damage  the  eye. 
The  curves  of  temperature  vs  exposure  time  all  showed  rises,  within  the 
first  10  min,  from  about  38  deg  C  to  plateau  temperatures  ranging  from 
about  41  deg  C  for  40  mW/sq  cm  to  about  55  deg  C  for  400  mW/sq  cm. 

The  thresholds  determined  from  the  single-exposure  experiments  served 
as  the  basis  for  investigating  whether  repeated  exposures  at  sub¬ 
threshold  levels  would  be  cumulative  and  yield  opacities.  In  parti¬ 
cular,  5  min  had  been  found  to  be  the  minimal  duration  for  causing 
opacities  at  280  mW/sq  cm.  In  one  set  of  experiments,  therefore,  4-min 
exposures  at  this  level  were  done  once  per  day  on  four  successive  days. 
Opacities  were  seen  in  4  of  7  eyes  so  treated.  Opacities  were  also  evi¬ 
dent  in  3  of  7  eyes  exposed  at  280  mW/sq  cm  twice  or  thrice  for  4  min 
each  at  7-day  intervals  and  in  3  of  8  eyes  exposed  at  this  level  for  4 
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min  three  times  at  i4-day  intervals. 

In  a  similar  set  of  experiments  at  280  mW/sq  cm,  the  duration  used  was 
only  3  min,  and  opacities  were  seen  in  5  of  5  eyes  given  five  daily 
exposures  and  in  5  of  5  eyes  given  three  exposures  at  4-day  intervals. 
However,  no  opacities  were  evident  in  5  of  5  eyes  given  five  exposures 
at  7-day  intervals.  The  authors  also  similarly  found  that  at  120  mW/sq 
cm,  five  daily  25-rain  exposures  yielded  opacities  in  5  of  5  eyes  and 
three  30-min  exposures  at  2-day  intervals  yielded  opacities  in  4  of  4 
eyes;  at  80  mW/sq  cm,  15  daily  60-min  exposures  yielded  opacities  in  3 
of  3  eyes,  whereas  at  40  mW/sq  cm,  none  were  seen  in  2  of  2  eyes  given 
15  daily  60-min  exposures. 

The  authors  concluded:  "If  either  the  power  density  or  the  duration  of 
the  irradiation  are  below  a  certain  threshold  value,  then  the  damage 
done  to  the  lens  is  not  irreparable  and  recovery  can  occur,  provided 
sufficient  time  elapses  before  a  subsequent  similar  episode.  In  the 
experiments  described  above,  it  appears  that  the  interval  necessary  for 
recovery  after  damage  done  by  a  3-minute  exposure  must  be  greater  than  4 
days  but  need  not  be  longer  than  a  week." 

Carpenter  et  al.  (1960)  also  exposed  the  right  eyes  of  18  rabbits  for 
20  min  to  pulsed  2.45-GHz  RFR  at  an  average  power  density  of  140  mW/sq 
cm  and  0.5  duty  cycle,  for  a  peak  power  density  of  280  mW/sq  cm.  They 
noted  that  in  terras  of  thermal  flux,  20  min  of  exposure  at  this  average 
level  was  5  min  less  than  the  threshold  duration  for  CW  RFR  at  140  mW/sq 
cm.  The  results  were  not  clear-cut.  Opacities  were  seen  in  10  eyes; 
four  of  them  were  classified  as  minimal  cataracts  and  six  as  extensive. 
With  a  0.25  duty  cycle  (560  mW/sq  cm  peak),  cataracts  were  seen  in  2  of 
4  eyer.  Exposures  for  45  min  at  80  mW/sq  cm  average  and  0.2  duty  cycle 
(400  mW/sq  cm  peak)  were  ineffective;  however,  exposures  for  60  min  at 
this  level  yielded  cataracts  in  4  of  4  eyes.  In  general,  the  authors 
noted  that  opacities  occurred  in  more  than  half  of  37  eyes  from  exposure 
to  pulsed  RFR  for  significantly  shorter  periods  than  from  exposure  at 
the  same  level  of  CW  RFR,  which  led  them  to  question  whether  RFR-induced 
cataracts  are  caused  solely  by  the  heat  generated. 

In  a  subsequent  paper,  Carpenter  and  Van  Ummersen  (1968)  elaborated  on 
the  basis  for  the  question  above.  Among  the  2.45-GHz  data  cited  were: 
For  the  threshold  opacity-yielding  single  5-rain  exposure  at  280  mW/sq 
cm,  the  intraocular  temperature  rose  to  49.3  deg  C;  a  3-rain  exposure 
raised  the  temperature  to  47.2  deg  C  and  caused  no  opacity.  However, 
three  3-rain  exposures  at  4-day  intervals  (yielding  47.2  deg  C  each  time) 
yielded  cataracts,  but  five  such  exposures  at  weekly  intervals  did  not. 
Similarly,  a  single  35-rain  exposure  at  120  mW/sq  cm  increased  the  eye 
temperature  to  44.2  deg  C  and  invariably  yielded  cataracts,  but  25-  or 
30-rain  exposures  at  this  level,  which  raised  the  eye  temperature  to  44 
deg  C,  did  not.  Thus,  cataract  formation  was  not  solely  dependent  on 
the  final  eye  temperature. 

Carpenter  and  Van  Ummersen  (1968)  also  exposed  single  eyes  of  rabbits 
to  8.2-GHz  or  10-GHz  RFR  in  a  "closed"  waveguide  system.  In  this  sys- 
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tem,  the  source  was  fed  to  a  waveguide  through  appropriate  power- 
measurement  instrumentation  and  the  output  end  of  the  waveguide  was 
terminated  with  an  iris  against  which  one  eye  of  the  anesthetized  animal 
was  placed.  An  E-H  tuner  was  used  for  impedance  matching  with  the  eye 
in  position,  to  achieve  minimal  reflection  (VSWR  of  1.01),  thereby 
readily  permitting  measurement  of  the  power  entering  the  eye.  (The 
authors  expressed  the  results  in  terms  of  the  latter  rather  than  power 
density,  presumably  because  of  the  shorter  penetration  depths  at  these 
frequencies . ) 

At  10  GHz,  delivered  power  levels  of  1090,  980,  870,  760,  and  650  mW 
for  various  durations  were  used;  the  corresponding  threshold  durations 
were  about  3,  5,  7,  12,  and  40  min,  with  650  mW  being  the  asymptotic 
power  level.  The  threshold  curve  for  8.2  GHz  was  essentially  the  same, 
and  both  were  similar  to  the  curve  for  2.45  GHz.  However,  for  8.2  and 
10  GHz,  the  cataracts  always  developed  in  the  anterior  cortex  region  of 
the  lens  as  localized  granular  opacities  just  under  the  epithelium 
("like  those  produced  by  infrared  radiation"),  whereas  those  resulting 
from  exposure  to  2.45  GHz  were  typically  located  in  the  posterior  cortex 
("resembling,  in  location,  form,  and  growth,  cataracts  produced  by 
ionizing  radiation"). 

Van  Ummersen  and  Cogan  (1976)  exposed  82  anesthetized  rabbits  to  2.45- 
GHz  CW  RFR  at  an  incident  power  density  of  585  mW/sq  cm  for  7  min  in  an 
anechoic  chamber  at  2  inches  from  the  housing  of  a  corner-reflector 
antenna,  with  the  corneal  surface  of  the  right  eye  positioned  opposite 
the  dipole  crossover  of  the  antenna,  as  described  in  Carpenter  et  al. 
(1960).  By  calculation  from  calorimetric  measurements  in  a  phantom  eye, 
the  rate  of  energy  absorption  was  280  raW/sq  cm. 

The  rabbits  were  euthanized  at  intervals  varying  from  6  hr  to  1  month 
after  exposure.  One  hour  before  death,  the  rabbits  were  anesthetized, 
both  eyes  were  treated  topically  with  tetracaine,  and  physiologic  saline 
containing  tritiated  thymidine  was  injected  into  the  anterior  chamber  of 
each  eye  for  subsequent  assay  of  DNA  synthesis.  On  death,  each  eye  was 
enucleated  and  the  anterior  hemisphere  was  fixed.  The  lens  was  removed 
and  the  epithelium  and  anterior  capsule  were  peeled  from  the  cortex. 

Each  epithelial  "peel"  was  processed  to  lie  flat  and  was  mounted  and 

dipped  in  photographic  emulsion.  Following  one  month  in  darkness  in  an 

oxygen-free  atmosphere  of  low  humidity,  the  emulsion  was  developed,  and 

the  epithelium  was  stained  with  Ehrlich  hematoxylin  and  mounted  for 
microscopic  study.  The  mitotic  figures  and  tritium-labeled  cells  in  the 
epithelia  of  each  pair  of  preparations  from  the  same  rabbit,  one  from 
the  exposed  eye  and  the  other  from  the  control  eye,  were  counted.  Both 
eyes  of  27  control  rabbits  with  normal  lenses  were  similarly  processed. 

The  control  group  had  no  visible  lens  abnormalities  under  examination 
with  the  slit  lamp  and  ophthalmoscope.  The  counts  for  this  group  showed 
no  constant  proportion  of  labeled  (DNA-synthesizing)  cells  to  mitotic 
figures  even  within  a  pair;  e.g.,  one  control  rabbit  had  49  labeled 
cells  and  10  mitotic  figures  for  the  right  eye,  but  2  labeled  cells  and 
59  mitotic  figures  for  the  left  eye.  Therefore,  the  authors  summed  the 


84 


counts  of  labeled  cells  and  mitotic  figures  for  each  eye.  Also,  based 
on  further  analysis  of  the  data,  the  percentage  differences  between  the 
total  counts  for  right  and  left  epithelia  were  treated  statistically. 

For  the  control  group,  the  mean  difference  was  5.6X  (+/-  3X  SD) . 

The  slit  lamp  and  ophthalmoscope  showed  no  lens  changes  in  the  eyes  of 
the  groups  euthanized  6,  12,  18,  and  24  hr  after  exposure,  but  both 
mitotic  activity  and  DNA  synthesis  were  inhibited  in  the  exposed  eyes; 
these  eyes  had  a  mean  count  that  was  87.31  (5X  SD)  lower  than  for  the 
control  eyes.  For  the  groups  euthanized  2-28  days  after  exposure,  the 
percentage  differences  in  mitotic  activity  and  DNA  synthesis  diminished 
successively,  but  with  a  few  exceptions;  as  an  example  of  the  latter, 
the  count  for  the  exposed  eye  of  one  rabbit  euthanized  14  days  after 
exposure  was  20. 7X  higher  than  for  its  other  eye. 

The  group  euthanized  2  days  after  exposure  (20  cases)  showed  moderate 
lens  changes  in  the  exposed  eyes,  including  small,  circumscribed,  cres¬ 
cent-shaped  opacities;  postequator ial  granules;  and  posterior  cortical 
banding.  Changes  in  the  exposed  eyes  of  those  euthanized  3-4  days  post¬ 
exposure  (16  cases)  covered  a  wide  range  of  responses,  with  maximal 
response  consisting  of  a  diffuse  opacity  involving  either  the  entire 
posterior  region  of  the  cortex  or  a  large  part  thereof. 

Vesicle  strings  were  seen  in  4  cases  and  not  in  the  other  12  cases  of 
those  euthanized  3-4  days  postexposure.  Because  of  this  difference  in 
response,  the  counts  for  these  subgroups  were  treated  separately.  For 
the  cases  without  vesicle  strings,  the  counts  were  63. 2X  lower  than  for 
controls;  for  the  cases  with  vesicle  strings,  the  counts  averaged  820X 
higher  than  for  controls  in  2  of  the  exposed  eyes  and  were  only  3 . 2X 
lower  in  the  other  2  cases.  Qualitatively  similar  effects  but  usually 
of  diminishing  magnitudes  were  observed  in  the  groups  euthanized  at 
later  postexposure  times.  For  those  euthanized  4  weeks  postexposure,  no 
concentrations  of  labeled  cells  in  any  one  area  were  found  whether  or 
not  vesicle  strings  were  present. 

In  their  summary,  the  authors  suggested  that  for  the  lenses  that  did 
not  develop  equatorial  vesicles  from  exposure  to  the  RFR,  the  epithelium 
followed  a  course  similar  to  that  observed  after  exposure  to  ionizing 
radiation;  for  the  ler  es  that  developed  equatorial  vesicles,  the  higher 
activity  in  the  epithelium  closely  paralleled  that  observed  in  rats 
after  galactose  feeding  and  may  have  been  the  result  of  lens  hydration. 

Birenbaum  et  al.  ( 1969a, b)  also  used  a  closed-waveguide  system  to 
expose  one  eye  each  of  anesthetized  rabbits  to  RFR  but  at  discrete 
frequencies  in  the  range  0.8-6. 3  GHz.  In  the  system  for  exposures  to 
5.5-GHz  RFR,  the  rectangular  waveguide  had  inner  dimensions  of  1.872- 
inch  by  0.872-inch  and  in  lieu  of  an  iris,  a  special  transition  section 
was  inserted  between  the  output  of  the  waveguide  and  a  half-inch- 
diameter  circular  waveguide,  the  exit  aperture  of  which  was  shaped  to 
receive  the  eye.  As  in  the  system  of  Carpenter  and  Van  Ummersen  (1968), 
impedance  matching  was  done  with  the  eye  in  place.  This  system  was  also 
used  for  exposures  to  5.4-,  5.2-,  and  4.2-GHz  RFR.  The  eyes  of  each 


rabbit  were  examined  immediately  before  and  after  exposure,  on  day  4 
after  exposure,  and  subsequently  at  weekly  intervals  for  about  1  month. 

Exposures  to  CW  or  pulsed  5.5-GHz  RFR  ( 5-raicrosecond  pulses,  0.001 
duty  cycle)  were  done  at  average  powers  ranging  from  about  650  to  1000 
mW  for  durations  in  the  range  1.5  to  50  min  at  each  level.  (With  a 
half-inch  exit  aperture,  the  average  power  densities  were  roughly 
numerically  the  same  as  the  powers.)  The  results  for  100  exposures  to 
the  pulsed  RFR  and  62  exposures  to  the  CW  RFR  were  shown  on  graphs  of 
log-power  vs  log-duration.  A  straight  line  was  drawn  on  each  graph 
(analogous  to  the  rectangular  hyperbola  on  linear  coordinates)  to 
represent  acute  exposure  levels  and  durations  that  had  50%  probability 
of  yielding  lens  damage,  the  latter  defined  as  irreversible  loss  of 
transparency  in  at  least  part  of  the  lens. 

The  threshold  lines  for  pulsed  and  CW  RFR  did  not  differ  significant¬ 
ly;  both  had  values  ranging  from  about  1000  mW  for  exposures  of  2-3  min 
to  about  650  mW  for  exposures  of  20-30  min.  However,  comparison  of  the 
thresholds  at  5.5.  5.4,  5.2,  and  4.2  GHz  at  1000  mW  indicated  that 
longer  exposures  were  necessary  as  the  frequency  was  decreased,  e.g., 
about  17  rain  for  4.2  GHz  vs  2-3  rain  for  5.5  GHz. 

To  extend  the  frequency  range  upward  and  downward,  the  transition 
above  was  replaced  with  a  broadband  coaxial  adapter,  and  was  used  to 
expose  rabbit  eyes  at  0.8  and  6.3  GHz,  as  well  as  at  4.2,  4.6,  and  5.2 
GHz.  The  threshold  duration  at  0.8  GHz  was  about  25  min;  at  4.2  and  4.6 
GHz  it  was  17  and  14  rain,  respectively;  and  at  5.2  and  6.3  GHz  it  was 
about  5  min. 

In  a  preliminary  experiment,  Birenbaum  et  al .  (1969b)  used  a  rectan¬ 
gular  horn  (aperture  1.0  x  0.7  cm)  to  expose  one  eye  each  of  rabbits  to 
70-GHz  CW  RFR  at  a  spacing  of  1/32  inch.  A  severe  injury  resulted  from 
a  30-min  exposure  at  610  mW.  Initially,  a  constricted  pupil  heralded 
the  onset  of  iritis,  and  by  the  second  day,  diffuse  corneal  opacifica¬ 
tion  was  visible.  Four  other  exposures  at  levels  close  to  600  mW  re¬ 
sulted  in  corneal  injury  also,  but  no  gross  lens  injuries  could  be  seen 
through  the  corneal  haze.  A  30-min  exposure  at  570  mW  had  no  effect, 
but  the  authors  indicated  that  the  exposure  may  have  been  faulty.  They 
noted  that  these  and  their  results  at  the  lower  frequencies  are 
consistent  with  penetration-depth  considerations. 

Seth  and  Michaelson  (1965)  exposed  the  left  eyes  of  rabbits  to  2 . 8-GHz 
CW  RFR  from  a  magnetron  connected  to  a  waveguide,  the  open  end  of  which 
was  fitted  with  an  attachment  to  produce  a  uniform  Fresnel-zone  field. 
The  rabbits  were  not  anesthetized  or  tranquilized  during  exposure.  The 
eyes  were  examined  with  an  ophthalmoscope  and  a  hand  slit  lamp  before, 
and  at  frequent  intervals  for  up  to  6  months  after,  exposure. 

A  single  exposure  at  220-240  mW/sq  cm  ( 1  rabbit)  for  30  min  produced 
conjunctival  congestion  and  miosis,  which  subsided  the  next  day,  but  no 
lenticular  changes  were  noticed  over  a  period  of  5  months.  Exposure  for 
45  min  at  this  level  (1  rabbit)  caused  a  marked  conjunctival  reaction 
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and  purulent  discharge  from  the  eye.  The  rabbit  was  very  restless  and 
salivated  considerably  during  exposure.  The  development  of  a  cataract 
started  10  days  after  exposure  and  the  lens  was  completely  opaque  at  20 
days.  At  2.5  months  postexposure,  the  opacity  started  to  regress  and 
the  retinal  light  reflex  could  be  seen  at  the  periphery.  The  regression 
continued  for  the  next  2  months. 

Three  rabbits  were  very  agitated  and  salivated  profusely  during  a 
single  exposure  for  60  min  at  220-240  mW/sq  cm.  After  exposure,  the 
left  eyes  showed  marked  conjunctival  reactions  and  edema,  which  subsided 
after  3-4  days.  Also,  suborbital  skin  burns  developed.  The  lenticular 
changes  differed  among  the  rabbits.  In  1  rabbit,  the  lens  became  pearly 
and  remained  so  for  1.5  months,  at  which  time  the  animal  died.  Lens 
changes  in  another  rabbit  progressed  during  the  45  days  after  exposure, 
at  which  time  regression  started;  the  lens  became  completely  clear  by 
day  56.  A  week  later,  the  lens  showed  a  small  black  spot,  which  devel¬ 
oped  into  a  well  defined  opacity  by  day  75,  after  which  the  opacity  re¬ 
gressed  slowly  and  disappeared  by  day  165  postexposure.  In  the  third 
rabbit,  a  small  opacity  was  seen  2  days  after  exposure,  which  developed 
until  day  15  and  remained  stable  until  the  animal  died  on  day  45. 

Three  successive  daily  10-min  exposures  at  220-240  mW/sq  cm  (1  rabbit) 
yielded  marked  agitation  and  salivation.  Severe  uveitis  developed  2 
days  after  the  last  exposure,  which  led  to  the  formation  of  a  completely 
pearly  opacity.  The  eyeball  shriveled  up  and  the  lenticular  changes 
remained  unaffected  during  6  months  of  observation. 

Single  exposure  at  160-170  mW/sq  cm  for  30  or  45  min  (1  rabbit  each) 
produced  mild  conjunctival  reactions  but  yielded  no  substantive  lens 
changes.  Single  60-rain  exposures  at  this  level  (6  rabbits)  caused 
moderate  conjunctival  reactions.  Four  of  the  rabbits  showed  lenticular 
changes.  In  three  of  these,  diffuse  opacities  found  in  the  posterior 
cortex  1-2  days  after  exposure  cleared  completely  by  day  4.  However, 
small  well-defined  opacities  appeared  5-7  days  after  exposure,  which 
regressed  in  one  rabbit,  remained  stable  in  the  second,  and  waxed  and 
waned  in  the  third  over  a  4-month  observational  period.  A  small  opacity 
appeared  in  the  fourth  rabbit  on  day  20  and  remained  stable  over  a  3- 
month  observational  period. 

Of  4  rabbits  given  five  successive  daily  30-rain  exposures  at  160-170 
mW/sq  cm,  1  rabbit  exhibited  a  transient  diffuse  opacity  but  the  other  3 
rabbits  showed  no  lens  changes  over  a  3-month  observational  period. 

The  authors  indicated  that  their  results  showed  two  types  of  lenticu¬ 
lar  lesions.  One  type,  from  exposure  to  "high-intensity"  RFR,  consisted 
of  rapid  and  complete  opacifications,  with  associated  gross  damage  to 
other  ocular  structures;  the  other,  in  response  to  "low-level"  RFR,  con¬ 
sisted  of  small  lenticular  opacities  that  appeared  several  days  to  weeks 
after  exposure,  with  minimal  damage  to  or  reaction  of  other  ocular 
structures,  and  with  a  tendency  to  regress,  disappear  completely,  and 
reappear.  No  results  were  presented  for  control  eyes  of  the  rabbits. 
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Guy  et  al.  (1975a)  investigated  the  cataractogenic  effects  of  near¬ 
field  2.45-GHz  CW  RFR  in  rabbits.  Exposures  of  anesthetized  rabbits 
were  done  at  a  distance  of  5  cm  between  the  crossing  point  of  the  dipole 
feed  of  a  corner  reflector  and  the  corneal  surface  of  the  right  eye, 
with  the  left  eye  serving  as  control.  Just  before  and  after  20-second 
exposures  at  540  mW/sq  cm,  measurements  of  intraocular  temperature  vs 
depth  from  the  corneal  surface  (in  2-mm  increments)  were  made  with  a 
thermocouple  inserted  through  a  surgically  implanted  thin  glass  tube, 
from  which  SAR  variation  with  depth  was  calculated.  Temperatures  at  a 
fixed  depth  in  the  vitreous  body  (just  behind  the  posterior  pole  of  the 
lens)  were  also  measured  immediately  after  5-min  intervals  of  exposure 
at:  100  mW/sq  cm  for  60  min,  200  mW/sq  cm  for  35-40  min,  and  300  mW/sq 
cm  for  30-35  min.  Rectal  temperatures  and  pulse  rates  were  recorded 
before  and  after  each  exposure.  Temperature  measurements  in  the  rabbit 
head  at  depths  beyond  the  eye  were  made  immediately  after  euthanizing 
the  animal. 

Maximum  absorption  was  found  to  occur  within  the  vitreous  at  a  depth 
of  about  1.5  cm  behind  the  cornea,  with  a  normalized  mean  SAR  of  0.92 
W/kg  per  mW/sq  cm.  Also,  rectal  temperature  and  pulse  rate  rose  re¬ 
spectively  by  0.97  deg  C  and  about  30%  during  exposure.  For  the  5-min 
exposures  at  100  mW/sq  cm  (90  W/kg),  vitreous  temperature  just  behind 
the  posterior  pole  of  the  lens  reached  a  plateau  of  41  deg  C.  As  in¬ 
dicated  below,  the  exposure  of  intact  rabbits  at  this  level  for  at  least 
100  min  (maximum  duration  used)  did  not  produce  cataracts.  For  the  ex¬ 
posures  at  200  and  300  mW/sq  era  (180  and  270  W/kg),  the  plateaus  were 
about  42  and  45  deg  C  and  were  cataractogenic.  The  vitreous-temperature 
plateaus  at  all  three  levels  were  reached  in  15-20  rain  due  to  the  grad¬ 
ual  increase  in  body-core  temperature.  Orbital  temperatures,  however, 
never  rose  as  high  as  those  of  the  vitreous,  presumably  because  of 
greater  orbital  blood  flow. 

To  determine  cataractogenic  thresholds  (at  2.45  GHz),  Guy  et  al. 
(1975a)  exposed  the  right  eyes  of  81  sedated  rabbits  at  various  RFR 
levels  for  various  durations,  with  the  left  eyes  as  controls.  Both  eyes 
of  each  rabbit  were  examined  with  slit  lamp  and  ophthalmoscope  before 
exposure,  immediately  lollowing  exposure,  and  periodically  afterward. 

Depending  on  RFR  level,  varying  degrees  of  transient  tearing,  pupil¬ 
lary  constriction,  and  anterior-chamber  turbidity  were  seen  after  ex¬ 
posure,  which  disappeared  by  the  second  day  after  exposure.  Lens 
changes  were  usually  detectable  on  the  first  or  second  day  after  ex¬ 
posure.  At  the  lower  RFR  levels,  mild  and  often  reversible  changes, 
such  as  a  milky  band  (single,  double,  or  triple)  in  the  posterior  cor¬ 
tex,  close  to  the  posterior  capsule  and  extending  to  the  equator,  were 
observed.  Also,  a  chain  of  vacuoles  or  small  vesicles  formed  in  the 
area  of  the  posterior  suture. 

At  higher  RFR  levels,  more  advanced  and  permanent  cataractous  changes 
were  observed,  consisting  of  pronounced  banding,  higher  numbers  of 
vacuoles,  and  a  well-circumscribed  opacity  in  the  posterior  cortex. 

Large  vesicles  were  seen  occasionally  in  the  lens  equator,  and  in  a  few 


cases,  the  posterior  cortical  opacity  was  found  to  extend  from  the 
equator  to  the  anterior  3ubcapsular  cortex;  however,  most  cataracts  were 
confined  to  the  posterior  cortical  area.  No  abnormalities  were  found  in 
the  fundi.  Control  eyes  remained  normal. 

The  power-density  vs  exposure-duration  data  were  plotted  in  the  same 
manner  as  those  in  Carpenter  and  Van  Uramersen  (1968),  and  the  resulting 
cataractogenesis-threshold  curve  was  displayed  together  with  the  curve 
from  Carpenter  and  Van  Ummersen  (1968).  The  two  curves  matched  closely, 
except  that  the  asymptotic  power  density  found  by  Guy  et  al.  (1975a)  was 
slightly  lower,  about  150  raW/sq  cm  (138  W/kg)  for  100  min. 

Guy  et  al.  (1975a)  also  presented  plots  of  numerical  calculations  of 
intraocular  temperature  distributions  in  the  intact  rabbit  eye  from  a 
computer  model  that  incorporated  conduction,  evaporation,  and  radiation 
cooling,  and  based  on  a  spatially  constant  specific  heat  (for  a  saline 
solution),  the  vitreous-humor  thermal  conductivity  of  beef  eye,  and  a 
calculated  lens  thermal  conductivity.  Also  assumed  were  appropriate 
values  of  other  parameters,  including  blood-supply  rate,  temperature  in 
the  orbit,  and  heat-transfer  rate  at  the  corneal  surface.  The  predicted 
values  of  vitreous  and  orbit  temperatures  vs  time  during  and  subsequent 
to  exposure  at  200  mW/sq  cm  (183  W/kg)  were  in  good  agreement  with  the 
experimental  values,  indicating  that  RFR  cataractogenes is  is  thermal. 

Kramar  et  al.  (1975)  similarly  exposed  the  right  eyes  of  rabbits  to 
suprathreshold  levels  of  near-field  2.45-GHz  RFR,  but  using  general 
hypothermia  to  ensure  that  retrolental  temperature  did  not  exceed  41  deg 
C.  In  the  first  part  of  the  experiment,  three  groups  of  three  rabbits 
each  were  surgically  prepared  for  intraocular-temperature  measurements 
as  in  Guy  et  al .  (1975a)  and  were  rendered  hypothermic  by  immersing 
their  bodies  in  ice  water  until  the  desired  rectal  temperature  was 
reached,  at  which  time  they  were  immersed  in  water  at  a  temperature 
sufficient  to  maintain  that  rectal  temperature.  Then,  one  group  each 
was  exposed  at  200  mW/sq  cm  (184  W/kg)  for  30  min,  300  mW/sq  cm  (276 
W/kg)  for  20  min,  and  400  mW/sq  cm  (368  W/kg)  for  15  min,  exposure 
conditions  previously  found  to  produce  cataracts. 

For  the  group  exposed  at  200  mW/sq  cm  (186  W/kg),  a  plateau  retro¬ 
lental  temperature  of  about  36  deg  C  was  obtained  by  holding  rectal 
temperature  slightly  above  30  deg  C.  Holding  rectal  temperature  at  30 
deg  C  for  the  group  exposed  at  300  mW/sq  cm  (276  W/kg)  yielded  a  plateau 
retrolental  temperature  of  about  39  deg  C.  To  maintain  the  retrolental 
temperature  of  the  group  exposed  at  400  mW/sq  cm  (368  W/kg)  at  about  the 
same  level  required  a  hypothermic  level  of  about  25  deg  C. 

In  the  second  part  of  the  experiment,  three  groups  of  three  surgically 
intact  rabbits  each  were  similarly  rendered  hypothermic,  and  one  group 
each  was  exposed  at  the  three  levels  of  RFR  above  as  soon  as  the  rectal 
temperatures  had  stabilized.  At  exposure  end,  the  rabbits  were  removed 
from  the  water  bath,  dried,  and  allowed  to  recover,  and  their  eyes  were 
examined  periodically  with  a  slit  lamp.  Slight  tearing  and  pupillary 
constriction  was  observed  on  the  right  side  immediately  after  exposure, 
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effects  that  disappeared  on  the  second  day.  The  lenses  of  all  rabbits 
remained  clear  throughout  the  2-3  months  of  observation.  The  periods  of 
hypothermia  had  no  apparent  ill  effects  on  the  rabbits. 

Using  the  model  mentioned  above,  numerical  calculations  of  intraocular 
temperature  distributions  in  rabbits  under  general  hypothermia  were  made 
and  the  agreement  was  found  to  be  very  good  with  respect  to  both  time 
characteristics  and  maximum  temperature.  The  isotherms  were  similar  to 
the  normothermic  ones  except  for  the  lower  temperature  levels. 

Appleton  et  al.  (1975a)  exposed  8  groups  of  anesthetized  rabbits  to  3- 
GHz  CW  RFR  from  an  ellipsoidal  dish  antenna  6  ft  in  diameter  within  an 
anechoic  chamber,  with  the  left  eye  on  the  axis  and  1  ft  beyond  the 
second  focal  point  of  the  dish  or  about  87  inches  from  its  vertex  (a 
site  well  within  the  near  field).  Before  exposure,  the  rabbits  were 
examined  with  slit  lamp  and  ophthalmoscope  and  only  those  with  eyes  free 
of  lenticular  opacities,  vacuoles,  and  subcapsular  iridescence  were 
included.  Groups  I  and  II  were  exposed  at  100  mW/sq  cm  for  15  end  30 
min,  respectively.  Groups  III  and  IV  were  also  exposed  for  15  and 
30  min,  but  at  200  mW/sq  cm,  as  were  groups  V  and  VI  at  300  mW/sq  cm. 
Groups  VII  and  VIII  were  given  15-min  exposures  at  400  and  500  mW/sq  cm, 
respectively,  and  Group  IX  served  as  controls.  The  groups  consisted  of 
3  rabbits  each  except  VIII,  which  had  6  rabbits.  The  authors  noted  that 
unanesthetized  rabbits  exposed  for  15  min  at  100  mW/sq  cm  became  heat- 
stressed  and  struggled  out  of  the  field,  hence  the  need  for  anesthesia. 

Groups  I-IV  (100  or  200  mW/sq  cm  for  15  or  30  min)  underwent  no  ocular 
changes  during  or  immediately  after  exposure,  or  in  daily  examinations 
for  14  days  or  weekly  examinations  for  one  month  followed  by  monthly 
examinations  for  one  year.  Groups  V,  VII,  and  VIII  (15-min  exposures  at 
300,  400,  or  500  mW/sq  cm),  however,  showed  acute  ocular  changes  during 
exposure,  consisting  of  hyperemia  of  the  lids  and  conjunctiva,  miosis, 
anterior  chamber  flare,  engorgement  of  iris  vessels,  and  periorbital 
cutaneous  burns.  The  miosis  and  flare  persisted  for  about  24  hr.  Most 
of  the  severe  changes  occurred  for  the  higher  RFR  levels.  Subsequent 
examinations  showed  no  morphologic  lenticular  abnormalities.  These 
results  indicated  the  existence  of  a  threshold  between  200  and  300  mW/sq 
cm  for  exposure  durations  between  10  and  20  min,  roughly  consistent  with 
the  threshold  curve  of  Guy  et  al.  (1975a),  a  point  noted  by  Appleton  et 
al.  (1975a). 

The  3  rabbits  of  group  VI  (300  mW/sq  cm  for  30  min)  and  7  of  t he  t 
group  VIII  (500  mW/sq  cm  for  15  min)  died  immediately  after  ex;  *■ 
the  3  group-VIII  survivors  were  greatly  stressed.  No  c  .a:  e*f<- 
were  seen  in  control  rabbits  at  a  one-year  followup  exam ;  .  • 
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densities  (APDs)  in  mW/sq  cm  by  dividing  the  values  of  E-squared  by  ten 
times  the  impedance  of  free  space  (i.e.,  3770  ohms). 

With  a  thermocouple- insert  ion  technique  similar  to  that  used  by  Guy  et 
al .  (1975a),  temperatures  were  measured  along  the  anterior-posterior 
axis  of  the  rabbit  eye  in  2-mro  increments  immediately  before  and  after 
exposures  at  540  mW/sq  cm  (APD)  for  15-20  seconds,  from  which  the  SAR 
distribution  with  depth  was  determined.  The  normalized  peak  SAR,  about 
0.55  W/kg  per  mW/sq  cm,  was  at  a  depth  of  4  mm. 

The  cataractogenes is  threshold  was  determined  by  exposing  22  rabbits 
at  APDs  of  500  to  150  mW/sq  cm  (peak  SARs  of  275  to  82.5  W/kg)  for  var¬ 
ious  durations.  Immediate  and  delayed  effects  were  seen  in  the  exposed 
eyes.  The  former  included  tearing,  constricted  pupil,  dilated  conjunc¬ 
tival  and  iris  vessels,  a  turbid  anterior  chamber,  and  a  milky  band  in 
the  lens  posterior  cortex.  Delayed  effects  were  confined  to  the  lens 
and  were  seen  5-7  days  after  exposure.  These  were  vacuole  formation 
along  the  posterior  suture  line  followed  by  progressive  opacification  of 
the  posterior  cortex,  the  latter  only  occurring  for  the  higher  levels. 
The  mildest,  often  reversible  change  was  posterior  cortical  banding, 
taken  to  be  the  threshold  effect.  The  lowest  APD-duration  combination 
to  show  any  lens  change  was  180  mW/sq  cm  (99  W/kg)  for  140  min. 

SAR  variation  with  depth  in  the  eye  of  the  rhesus  monkey  was  similarly 
determined  in  two  animals  by  centering  the  slot  radiator  5  cm  over  the 
bridge  of  the  nose.  Excessive  heating  of  the  nasal  bridge,  however,  led 
to  centering  the  radiator  over  one  eye  at  5  cm  between  slot  and  cornea 
in  a  third  monkey.  With  the  slot  centered  over  the  nose,  the  peak  SAR 
within  both  eyes  was  in  the  vicinity  of  the  lens,  0.29  W/kg  per  mW/sq 
cm.  With  the  slot  over  the  right  eye,  the  peak  SAR  was  not  in  the  lens 
but  in  the  anterior  chamber;  the  maximum  SAR  in  the  right  lens  was  0.35 
W/kg  per  mW/sq  cm,  much  higher  than  for  the  slot  centered  over  the  nose, 
but  was  much  lower  than  0.29  W/kg  per  mW/sq  cm  in  the  left  lens. 

In  the  cataractogenesis-threshold  determinations,  exposure  of  1  monkey 
with  the  slot  centered  over  the  nose  for  22  rain  at  an  APD  of  300  mW/sq 
cm  (87  W/kg)  caused  second-  to  third-degree  burns  on  the  bridge,  but  the 
eyes  remained  unaffected;  varying  degrees  of  nasal  burns  were  caused  by 
exposure  with  the  slot  over  the  right  eye,  1  monkey  each  at  400  mW/sq  cm 
(140  W/kg)  for  30  and  60  min  and  1  at  500  mW/sq  cm  (175  W/kg)  for  60 
min.  In  the  last  case,  lid  edema,  contracted  pupil,  and  a  moderately 
severe  reaction  in  the  anterior  chamber  also  occurred,  with  the  reaction 
in  the  anterior  chamber  persisting  for  10  days.  However,  the  lenses  of 
all  3  monkeys  remained  clear  during  a  13-month  examination  period. 

'oraputer  prediction  of  intraocular  temperature-vs-t ime  profiles  in  the 
rabbit  and  monkey  eye  for  various  exposure  levels  yielded  numerical  re¬ 
sults  consistent  with  experimental  values.  Because  of  the  facial-bone 
configuration  in  the  monkey,  its  SAR  distribution  differs  considerably 
from  that  of  the  rabbit.  For  exposure  at  300  mW/sq  cm,  the  highest 
retrolental  temperature  in  the  monkey  was  only  40.2  deg  C  as  compared 
with  45.1  deg  C  in  the  rabbit.  Even  for  500  mW/sq  cm,  the  maximum 
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retrolental  temperature  in  the  monkey  would  be  about  42  deg  C.  Since 
the  latter  is  the  minimum  temperature  at  which  lens  damage  would  occur, 
severe  facial  burns  would  be  produced  in  primates  (including  humans)  at 
RFR  levels  much  below  their  cataractogenesis  thresholds. 


McAfee  et  al.  (1979b)  trained  rhesus  monkeys,  by  operant-lever  press¬ 
ing  for  apple-juice  reward,  to  face  a  source  of  9.3-GHz  pulsed  RFR 
(half-microsecond  pulses  at  1050  pps).  The  monkeys  were  then  exposed 
without  restraint  to  the  RFR  with  the  head  15  cm  from  a  vertically 
polarized  standard-gain  horn,  at  an  average  power  density  of  150  mW/sq 
cm  (peak  power  density  286  W/sq  cm).  The  SAR,  determined  in  saline 
phantoms,  exceeded  15  W/kg.  Each  of  12  monkeys  was  exposed  for  up  to  20 
min/day  for  30  to  40  sessions  over  several  months.  Seventy-five  monkeys 
neither  exposed  nor  sham-exposed  served  as  controls. 


No  cataracts  or  corneal  lesions  were  found  in  any  of  the  exposed 
monkeys  up  to  12  months  after  exposure.  The  authors  cited  a  3-deg-C 
rise  in  150  ml  of  saline  for  15  min  of  exposure.  Even  though  the  locus 
of  maximum  temperature  in  the  eye  would  be  closer  to  the  surface  of  the 
eye  for  9.3-GHz  than  for  2.45-GHz  RFR,  the  absence  of  cataracts  was 
consistent  with  the  finding  of  Guy  and  coworkers  that  an  intraocular 
temperature  rise  of  at  least  5  deg  C  is  necessary  for  cataractogenesis. 


Weiter  et  al .  (1975)  studied  the  effects  of  exposing  rabbit  lenses  in 
vitro  to  2.45-GHz  CW  RFR  or  2.86-GHz  pulsed  RFR  on  the  ascorbic-acid 
concentration  in  the  lenses.  Prior  to  exposure,  paired  lenses  were 
aseptically  excised,  placed  in  petri  dishes  containing  culture  medium 
consisting  of  20Z  rabbit  serum  and  80Z  medium  199  (Earle's  modified  salt 
base)  with  penicillin  and  streptomycin,  and  incubated  for  48  hr  at  37 
deg  C  in  air  containing  5Z  C02 . 


One  of  each  pair  was  exposed  by  removing  the  petri-dish  cover,  lower¬ 
ing  the  fluid  level  to  leave  the  upper  third  of  the  lens  in  air,  and 
placing  the  dish  1  ra  below  a  horn  in  an  anechoic  chamber.  Before  and 
during  exposure,  the  culture-fluid  temperature  was  monitored  with  a 
thermistor  about  2.5  cm  from  the  lens  and  oriented  perpendicular  to  the 
electric  vector.  The  other  (control)  lens  of  each  pair  was  heated  by 
indirect  forced  hot  air  to  match  the  culture-fluid  temperature  produced 
by  the  RFR.  After  exposure  or  heat  treatment,  the  lenses  were  incubated 
for  24  hr,  removed  from  the  medium,  rolled  on  filter  paper  to  remove 
adherent  media  and  vitreous,  and  weighed.  Then  the  lenses  were  homo¬ 
genized,  deproteinized  in  trichloroacetic  acid,  and  assayed  for  total 
ascorbic  acid  (including  dehydroascorbic  acid). 


Exposure  of  one  lens  each  to  2.45-GHz  CW  RFR  for  10  min  at  0,  50,  100, 
150,  200,  and  250  raW/sq  cm  yielded  an  approximately  linear  decrease  in 
total  ascorbic-acid  concentration  (expressed  in  raicrograms  per  gram  of 
lens  tissue)  from  about  85  at  0  raW/sq  cm  (sham-exposure)  to  about  30  at 
250  mW/sq  cm,  with  no  apparent  threshold  power  density  for  this  effect. 
For  15  rain  of  exposure  of  lenses  to  the  CW  RFR  at  0,  50,  100,  150,  and 
200  mW/sq  cm,  the  corresponding  temperatures  of  the  culture  fluid  were 
about  26,  34,  36,  41,  and  47  deg  C  and  the  ascorbic-acid  concentrations 


decreased  Linearly  from  about  105  to  30.  Corresponding  concentrations 
for  the  control  lenses  heated  (in  the  medium)  for  15  min  to  the  same 
temperatures  were  similar,  indicating  that  the  changes  induced  by  the 
RFR  were  thermally  caused.  Lenses  exposed  to  2.45-GHz  CW  RFR  and  2.86- 
GHz  pulsed  RFR  (1-microsecond  pulses  at  500  pps)  at  50,  100,  and  150 
mW/sq  cm  (average)  for  an  unstated  duration  showed  equivalent  decreases 
in  concentrations. 

Examination  of  the  lenses  with  both  the  slit-lamp  bioroicroscope  and 
the  inverted  microscope  showed  that  in  all  cases  where  the  ascorbic-acid 
concentration  was  60  or  higher,  the  lens  was  clear,  and  that  at  lower 
concentrations,  the  lens  epithelium  became  progressively  cloudier 
(edematous),  especially  toward  the  equator. 

Guy  et  al.  (1980b),  in  a  multi-endpoint  study,  concurrently  exposed  4 
rabbits  dorsally  in  acrylic  cages  within  individual  anechoic  chambers  to 
2.45-GHz  CW  RFR  23  hr/day  at  10  mW/sq  cm  for  180  days  in  the  far  field 
of  a  horn  in  each  chamber.  The  electric  vector  was  parallel  to  the  long 
axis  of  the  rabbit.  For  controls,  4  other  rabbits  were  sham-exposed  in 
similar  chambers  concurrently  with  the  RFR-exposed  rabbits.  The  eight 
chambers  were  maintained  at  24  deg  C  by  a  common  air  conditioner. 

Dorsal  exposure,  selected  for  compactness  in  multiple-chamber  design, 
was  rather  uncommon  in  prior  investigations.  Therefore,  in  preliminary 
dosimetric  experiments,  rabbits  were  exposed  laterally  and  dorsally  to 
determine  the  respective  power  densities  needed  to  produce  the  same  mean 
SAR  in  the  eye.  The  exposures  were  for  15  seconds  at  525  mW/sq  cm 
measured  at  eye  location,  and  a  thermocouple  was  used  to  measure  SAR  as 
a  function  of  depth  in  the  eye.  Greater  variation  of  SAR  was  obtained 
for  dorsal  than  lateral  exposure,  but  the  spatial-average  SARs  for  the 
eye  were  comparable:  0.679  and  0.481  W/kg  per  mW/sq  cm,  respectively. 

Lines  of  constant  SARs  were  obtained  by  use  of  thermography  on  rabbit 
carcasses.  The  results  indicated  that  10  mW/sq  cm  would  produce  a  peak 
SAR  of  17  W/kg  in  the  head  when  the  animal  is  in  the  normal  resting 
position  in  the  cage.  By  calculation  (Durney  et  al.,  1978,  p.  92),  the 
whole-body  SAR  for  a  prolate-spheroidal  model  of  a  rabbit  exposed  to 
2.45-GHz  RFR  at  10  mW/sq  cm  laterally  or  dorsally  is  about  1.5  W/kg. 

Periodic  eye  examinations  with  a  slit-lamp  microscope  showed  normal 
aging  changes  in  the  lenses,  but  the  differences  between  exposed  and 
control  groups  were  not  significant.  The  other  endpoints  studied  are 
discussed  in  Section  3.5.2. 

Kues  et  al.  (1985)  exposed  both  eyes  of  7  cynomolgus  monkeys  from 
above  to  2.45-GHz  CW  RFR  and  8  monkeys  to  2.45-GHz  pulsed  RFR  (10-micro¬ 
second  pulses  at  100  pps)  in  4-hr  sessions  at  5-30  mW/sq  cm  (average), 
with  one  week  between  sessions  in  most  cases.  For  exposure,  each  monkey 
was  anesthetized  and  placed  supine  with  its  eyelids  closed  on  a  Styro¬ 
foam  slab  within  a  1.2-m  cubical  anechoic  chamber.  The  antenna  was  an 
HP-S281A  coaxial-cable-to-waveguide  transition  with  an  aperture  of  7.2  x 
3.4  cm  centered  over  the  nasal  bridge  10  cm  from  the  ocular  surfaces  (at 
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about  the  start  of  the  conventional  far-field  distance)  and  with  larger 
dimension  transverse  to  the  monkey's  long  body  axis.  The  forward  and 
reflected  powers  were  measured  with  a  bidirectional  coupler  in  the  line 
feeding  the  antenna,  and  the  power  densities  at  the  monkey  site  in  the 
absence  of  the  monkey  and  Styrofoam  slab  were  measured  with  a  Narda  8201 
electromagnetic  monitor  and  a  8221  near-field  probe;  these  measurements 
showed  that  a  forward  power  of  2.9  W  was  required  to  obtain  10  mW/sq  cm. 

The  authors  stated:  "The  use  of  the  HP-S281A  coaxial  cable  to  wave¬ 
guide  transition  as  an  antenna  may  be  questionable.  Its  use  was  neces¬ 
sitated  by  the  required  power  densities  and  available  equipment  limita¬ 
tions.  It  was  also  found  to  be  inappropriate  to  change  the  source  to 
something  more  conventional  halfway  through  our  study. . .  A  multiple  re¬ 
flection  between  the  test  animal  and  the  antenna,  primarily  its  wave¬ 
guide  flange,  could  alter  the  intensity  of  the  incident  field.  This 
alteration  in  intensity  could  go  in  either  direction.  Measured  specific 
absorption  rate  (SAR)  indicates  that  this  is  probably  not  occur¬ 
ring... These  facts  and  the  realization  that  the  presence  of  the  animal 
may  have  introduced  some  change  in  field  symmetry  were  accepted  for  the 
present  experiment." 

SARs  were  based  on  in-vivo  temperature  measurements  made,  during  a  4- 
hr  exposure  at  20  mW/sq  cm,  with  a  fluoroptic  probe  surgically  implanted 
in  the  anterior  chamber  of  the  eye  and  butted  up  against  the  endothelial 
layer  of  the  cornea.  During  exposure,  the  temperature  was  recorded  at 
4-second  intervals  for  the  first  hour  and  at  1-min  intervals  for  the 
other  three  hours.  The  authors  did  not  present  the  temperature  data, 
but  indicated  that  the  temperature  had  risen  by  0.77  (from  34.5)  deg  C 
during  the  4-hr  exposure  and  that  a  1-min  temperature  rise  of  0.09  deg  C 
was  selected  from  the  steepest  part  of  the  temperature  curve  and  used  in 
the  calorimetric  equation,  which  yielded  0.26  W/kg  per  mW/sq  cm. 

Rectal  temperatures  measured  during  several  4-hr  sham-  and  RFR- 
exposures  at  10  mW/sq  cm  (2.6  W/kg)  showed  respective  mean  decreases  of 
2.5  and  2.4  deg  C,  attributed  to  the  anesthesia. 

Before  and  at  stated  intervals  after  exposure,  an  eyelid  speculum  was 
inserted  and  a  wide-field  contact  specular  microscope  (Keeler-Konan 
Model  SP-1)  was  used  to  scan  and  photograph  the  central  6  mm  of  cornea, 
with  each  photographic  field  at  120x  covering  about  1  sq  mm  of  cornea. 
(The  specular  microscope  is  reputed  to  have  a  resolution  far  exceeding 
that  of  the  slit-lamp  microscope.)  During  examination,  the  cornea  was 
kept  moistened  with  balanced  salt  solution.  The  number  of  lesions  in 
each  field  was  counted  and  the  degree  of  endothelial  damage  in  each  eye 
was  taken  to  be  the  number  in  the  field  that  had  the  most  lesions.  The 
numbers  were  classified  as:  no  change,  0-2  lesions;  minor  change,  3-10 
lesions;  moderate  change,  11-50  lesions;  major  change,  >50  lesions. 

Monkeys  1-7  were  given  the  CW  RFR.  Monkey  1  was  exposed  at  5  mW/sq  cm 
(1.3  W/kg)  for  44  weekly  4-hr  sessions  and  examined  with  the  specular 
microscope  every  4  weeks  (10  examinations);  monkeys  2  and  3  were  exposed 
at  10  mW/sq  era  (2.6  W/kg)  for  56  and  10  weekly  sessions  and  given  12  and 


3  examinations,  respectively;  monkey  4  was  exposed  at  20  mU/sq  cm  (5.2 
W/kg)  for  18  weekly  sessions  and  given  6  examinations.  Monkeys  1,  3, 
and  4  exhibited  no  changes  (as  defined  above)  and  monkey  2  minor  change 
in  only  one  eye  during  one  examination. 

Monkey  5  was  exposed  at  30  mW/sq  cm  (7.8  W/kg)  for  one  4-hr  session 
and  examined  once;  it  exhibited  major  change  in  one  eye  and  moderate 
change  in  the  other  eye.  Monkey  6  was  exposed  for  one  session  at  20 
mW/sq  cm  (5.2  W/kg)  and  showed  no  change  in  one  examination;  it  was  then 
exposed  at  30  mW/sq  cm  (7.8  W/kg)  for  5  weekly  sessions;  moderate  change 
was  reported  for  3  of  5  examinations.  Monkey  7,  given  22  weekly  ses¬ 
sions  at  20  mW/sq  cm  (5.2  W/kg),  showed  minor  change  in  1  of  14  exami¬ 
nations;  on  exposure  at  30  mW/sq  cm  (7.8  W/kg)  for  8  sessions,  it  showed 
"rainor-to-moderate"  change  in  2  of  6  examinations;  when  then  given  2 
series  of  4  consecutive  daily  4-hr  sessions  at  20  mW/sq  cm  (5.2  W/kg) 
and  examined  after  each  series,  it  exhibited  major  change  in  both 
examinations. 

Monkeys  8-15  were  given  the  pulsed  RFR.  Monkey  8,  exposed  at  10  mW/sq 
cm  (2.6  W/kg)  for  5  weekly  4-hr  sessions  and  examined  5  times,  showed  no 
change;  when  given  4  series  of  4  consecutive  daily  4-hr  sessions  at  the 
same  RFR  level  and  examined  after  each  series,  it  exhibited  minor  change 
in  each  examination.  Monkey  9,  exposed  for  one  session  at  15  mW/sq  cm 
(3.9  W/kg)  and  examined  once,  showed  major  change.  Monkey  10  showed 
"rainor-to-raajor"  change  after  each  of  5  weekly  sessions  at  10  mW/sq  cm 
(2.6  W/kg)  and  major  change  after  one  session  at  15  mW/sq  cm  (3.9  W/kg). 

Monkey  11,  given  5  weekly  sessions  at  10  mW/sq  cm  (2.6  W/kg),  exhibi¬ 
ted  "very  minor  change"  in  2  of  5  examinations,  but  showed  major  change 
for  each  of  4  series  of  4  consecutive  daily  4-hr  exposures  at  this 
level.  Monkey  12,  given  11  weekly  sessions  at  10  mW/sq  cm  (2.6  W/kg), 
exhibited  "minor-to-raoderate"  change  in  6  of  11  examinations.  Monkey  13 
showed  no  change  after  exposure  for  2  weekly  sessions  at  5  mW/sq  cm  (1.3 
W/kg);  it  showed  "minor-to-maj or "  change  after  each  of  4  weekly  sessions 
and  major  change  for  1  series  of  4  consecutive  daily  sessions  at  10 
mW/sq  cm  (2.6  W/kg).  Monkeys  14  and  15  were  given  4  and  2  weekly  ses¬ 
sions  at  10  mW/sq  cm  (2.6  W/kg),  respectively;  minor  change  was  found  in 
monkey  14  in  1  of  4  examinations  and  no  change  in  monkey  15.  Based  on 
the  results,  the  authors  noted  that  at  corresponding  average  power  den¬ 
sities,  the  pulsed  RFR  was  more  effective  than  the  CW  RFR. 

Five  monkeys  were  sham-exposed  for  a  total  of  10  sessions  (presumably 
in  4-hr  sessions):  three  for  two  sessions  each,  one  for  three  sessions, 
and  one  for  a  single  session;  they  were  otherwise  treated  similarly. 

Four  of  these  monkeys  were  subsequently  used  in  the  RFR-exposure  proto¬ 
cols.  No  endothelial  abnormalities  were  detected. 

Several  representative  photographs  were  presented.  Among  these  was  a 
wide-field  specular  micrograph  (xl20)  of  central  corneal  endothelium 
from  monkey  6  before  exposure,  which  clearly  delineated  the  hexagonal 
cell  boundaries  and  the  nuclei  of  most  cells,  and  showed  no  lesions. 
However,  a  micrograph  from  monkey  9,  taken  48  hr  after  the  single  4-hr 


exposure  at  15  mW/sq  cm  (3.9  W/kg)  and  classified  as  exhibiting  major 
change,  showed  numerous  lesions  distributed  over  areas  of  normal  mosaic 
(about  50  lesions  per  sq  mm),  each  lesion  involving  one  cell  or  several 
contiguous  cells.  A  specular  micrograph  for  monkey  10  taken  48  hr  after 
a  4-hr  exposure  at  10  mW/sq  cm  (2.6  W/kg)  showed  a  similar  distribution. 

Four  of  the  RFR-exposed  monkeys  were  euthanized  after  confirmation  of 
an  effect  by  specular  microscopy.  The  eyes  were  enucleated,  and  one  eye 
of  each  pair  was  prepared  for  vital  staining  with  alizarin  red  and  try¬ 
pan  blue  and  the  other  for  transmission  electron  microscopy.  Represen¬ 
tative  micrographs  were  presented  only  for  monkey  10,  classified  as 
exhibiting  minor-to-maj or  change  after  5  exposures  at  10  mW/sq  cm  (2.6 
W/kg)  and  major  change  after  1  exposure  at  15  mW/sq  cm  (3.9  W/kg).  In 
the  normal  areas  of  corneal  endothelium  treated  with  alizarin  red  and 
trypan  blue,  the  photomicrograph  (x400)  displayed  well-defined  hexagonal 
cell  walls  and  faintly  stained  nuclei;  also  seen  were  two  lesions 
characterized  by  the  absence  of  cells  and  uptake  of  trypan  blue.  A 
transmission  electron  micrograph  (x4000)  of  the  corneal  endothelium  48 
hr  after  exposure  at  10  mW/sq  cm  (2.6  W/kg)  showed  prominent  intracel¬ 
lular  vacuolization  and  a  space  between  basal  endothelial  surface  and 
Descemet's  membrane.  It  is  unclear  why  this  monkey  was  subsequently  ex¬ 
posed  at  15  mW/sq  cm,  as  noted  in  the  protocol,  if  its  eyes  had  been 
removed . 

Open  to  question  is  the  adequacy  of  the  relatively  small  number  of 
sham-exposure  sessions  (10  total)  as  compared,  for  example,  with  56 
sessions  for  monkey  2  at  10  mW/sq  cm  (2.6  W/kg)  of  CW  RFR,  with  anes¬ 
thesia  used  for  each  sham  or  RFR  session.  However,  no  major  ocular 
effects  were  seen  in  this  monkey  or  in  monkey  1,  exposed  at  5  mW/sq  cm 
(1.3  W/kg)  of  CW  RFR  for  44  weekly  sessions. 

The  authors  noted:  "During  our  study,  changes  observed  with  the  specu¬ 
lar  microscope  were  not  visible  by  slit-lamp  examination.  As  for  histo¬ 
logic  examinations,  our  study  has  revealed  that  a  time  window'  may  ex¬ 
ist  during  which  time  the  reported  change  is  observable.  Before  and 
after  this  period,  the  endothelium  probably  would  appear  relatively  nor¬ 
mal.  It  was  by  use  of  the  in  vivo  examination,  that  we  were  able  to 
find  this  window  of  effect  and  then  study  the  corneas  histologically." 
The  point  is  obscure;  it  seems  to  imply  that  the  effect  is  reversible. 

If  so,  by  what  mechanism  (since  the  authors  noted  that  the  primate  cor¬ 
neal  endothelium  is  not  known  to  repair  itself  through  cell  division)? 

Several  investigators  (most  recently  Kues  et  al.,  1985)  looked  for 
differences  in  levels  of  pulsed  and  CW  RFR  for  ocular  damage.  Most  of 
these  investigators  found  no  significant  differences  between  the  effects 
of  pulsed  and  CW  RFR  at  equivalent  average  power  densities.  However,  as 
noted  above,  Kues  et  al.  (1985)  found  that  pulsed  RFR  was  more  effective 
in  altering  the  corneal  endothelium  than  CW  RFR. 

In  summary  of  the  animal  studies,  many  of  the  results  indicated  that 
an  inverse  relationship  (reciprocity)  exists  between  average  power  den¬ 
sity  and  exposure  duration  for  cataract  formation.  The  mean  threshold 


values  probably  vary  to  some  extent  from  species  to  species,  but  are  of 
the  order  of  100  mW/sq  cm.  Increases  in  intraocular  temperature  of 
about  5  deg  C  or  more  appear  to  be  necessary  for  eye  damage.  Moreover, 
lens  opacifications  caused  solely  by  exposure  to  suprathreshold  RFR 
levels  were  not  produced  at  the  same  average  power  densities  when  the 
eye  was  adequately  cooled  during  exposure,  indicating  that  RFR  catarac- 
togenesis  is  essentially  a  gross  thermal  effect.  (The  RFR  threshold 
power  density  corresponds  to  a  heat-generation  rate  that  can  be  just 
compensated  for  by  the  heat-removal  rate  to  maintain  the  eye  at  below 
the  temperature  for  damage.) 

3. 1.4. 1.2  HUMANS 

Cases  of  ocular  damage  in  humans  ascribed  to  occupational  exposure  to 
RFR  have  been  reported  (e.g.,  Hirsh  and  Parker,  1952;  Shimkovich  and 
Shilyaev,  1959;  Kurz  and  Einaugler  1968;  Zaret,  1969;  and  Issel  and 
Emmerlich,  1981).  Although  the  exposure  histories  of  these  individuals 
could  not  be  ascertained  with  any  degree  of  certitude,  it  is  likely  that 
their  actual  or  incipient  vision  impairment  resulted  from  exposure  to 
average  power  densities  substantially  greater  than  the  threshold  found 
in  animal  studies  (about  150  mW/sq  cm). 

Cleary  et  al.  (1965)  performed  a  retrospective  study  of  the  incidence 
of  cataracts  in  Army  and  Air  Force  veterans  of  Vorld  War  II  and  the 
Korean  War  to  determine  whether  such  incidence  could  have  been  related 
to  occupational  exposure  to  RFR.  A  preliminary  study  had  indicated  that 
a  sample  of  about  2,500  cataract  cases  and  a  control  group  of  the  same 
size  would  be  sufficient  to  permit  detection  of  a  twofold  increase  in 
relative  risk  with  a  probability  of  80X  at  the  5X  level  of  significance. 
Examination  of  Veterans  Administration  hospital  records  yielded  2,946 
veterans  born  after  1910  who  had  been  treated  for  cataracts  during  the 
period  1950-1962.  A  random  sample  of  2,164  veterans  hospitalized  during 
the  same  period  for  other  ailments  was  selected  for  control.  On  the 
basis  of  military  occupational  specialties  (MOSs),  each  individual  was 
classified  by  the  authors  as  a  radar  worker,  a  nonradar  worker,  or  one 
whose  specialty  could  not  be  discerned. 

In  the  radar  group,  they  found  19  individuals  with  cataracts  and  2,625 
individuals  without  cataracts;  in  the  nonradar  group,  21  individuals  had 
cataracts  and  1,935  did  not.  (Of  the  other  510  subjects,  202  of  those 
with  cataracts  and  125  of  those  without  cataracts  had  no  indicated  MOSs 
and  the  remaining  100  of  those  with  cataracts  and  125  of  those  without 
cataracts  had  MOSs  that  did  not  permit  determination  of  occupational 
category.)  These  numbers  yielded  an  overall  relative  risk  factor  of 
0.67,  with  unity  representing  no  increase  in  relative  risk  and  values 
larger  than  unity  representing  the  degree  of  severity  of  the  effect. 

The  authors  noted  that  examination  of  the  Air  Force  data  separately 
yielded  a  risk  factor  of  2.18,  but  at  a  significance  level  greater  than 
10X,  and  indicated  that  the  number  of  cases  was  too  small  to  draw  any 
inferences.  They  also  stated  that  an  analysis  of  all  the  data  by  age 
grouping  suggested  no  alteration  in  age-specific  incidence  of  cataracts 


due  to  RFR  exposure. 

Cleary  and  Pasternack  (1966)  obtained  responses  to  a  questionnaire  on 
occupational  histories  from  personnel  then  currently  employed  at  16 
microwave  installations  and  used  the  histories  to  differentiate  controls 
from  exposure  cases.  By  this  method,  the  authors  selected  736  workers 
as  occupationally  exposed  to  RFR  and  559  workers  from  the  same  locations 
and  occupational  environments  (other  than  RFR)  as  controls.  Exposure 
cases  were  classified  in  occupational  specializations  and  relative  RFR- 
exposure  severity  by  considering:  types  and  functions  of  equipments 
used;  average  generated  powers,  frequencies,  and  modes  of  power  termi¬ 
nation;  and  duration  of  work  with  each  type  of  equipment,  working  dis¬ 
tance  from  equipment  during  normal  operation,  and  specific  type  of  work 
performed.  Relative  exposure  scores  were  determined  by  assigning  appro¬ 
priate  weights  to  these  factors  (e.g.,  proportionality  to  average  power 
and  inverse  proportionality  to  equipment  distance). 

Histograms  representing  the  age  distribution  (for  the  5-year  intervals 
from  16  to  65  years)  were  presented  for  each  group.  The  mean  ages  for 
the  exposed  and  control  groups  were  32.76  and  33.20  years,  respectively; 
however,  the  exposed  group  had  a  relative  maximum  of  25%  in  the  subgroup 
26-30  years  of  age,  whereas  the  control  group  had  a  relative  maximum  of 
19%  in  the  21-25-year  subgroup  and  a  larger  proportion  of  older  workers 
than  the  exposed  group.  The  authors  indicated  that  chi-square  analysis 
confirmed  the  significant  difference  in  age  composition  between  the  two 
groups  and  noted  that  "man-f or-raan  age  matching  of  exposed  and  controls 
would  have  eliminated  age  differences  but,  due  to  sampling  restrictions, 
this  was  not  possible." 

Also  presented  for  the  exposed  group  were  histograms  representing  the 
age  distribution  of  exposure  scores  (from  1  to  85  in  5-point  intervals) 
and  the  age  distribution  of  exposure  durations  (from  0  to  299  months  in 
20-month  intervals).  The  first  histogram  showed  that  the  largest  number 
of  workers,  36%,  had  exposure  scores  in  the  6-10  interval,  with  a  sharp 
falloff  to  about  2%  for  exposure  scores  in  the  31-35  interval;  the  other 
histogram  showed  that  the  largest  number  of  workers,  20%,  were  exposed 
for  0-19  months,  with  an  approximately  linear  decrease  to  about  2%  for 
exposures  of  140-159  months. 

Exposed  and  control  groups  were  given  slit-lamp  examinations  and  each 
person  was  graded  (on  a  double-blind  basis)  for  subcataractous  lens 
changes,  classified  as  minute  defects,  opacification,  relucency,  sutural 
defects,  and  posterior  polar  defects.  A  grade  of  0  for  "insignificant" 
to  3  for  "large  numbers  or  major  degree  of  change  (short  of  clinically 
recognized  cataract)"  was  assigned  in  each  category  for  each  lens.  An 
"eye  score"  consisting  of  the  unweighted  sum  of  scores  for  each  type  of 
defect  was  calculated. 

A  linear  regression  model  was  used  for  each  group  to  relate  mean  eye 
score  to  age  on  the  basis  that  the  major  increase  in  eye  score  with  time 
was  due  to  physiological  aging  of  the  lens.  The  slope  for  the  exposed 
group  was  significantly  higher  than  for  the  control  group;  the  lines 
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crossed  over  at  20  years  of  age  with  a  jean  score  of  about  4.2.  The 
authors  stated:  "At  this  time,  no  detrimental  effects  such  as  loss  of 
visual  acuity  or  increased  propensity  for  cataract  formation  have  been 
associated  with  these  changes.  These  subclinical  changes  induced  with 
greater  frequency  in  the  lenses  of  microwave  workers  than  controls  may 
in  fact  indicate  an  acceleration  of  aging  of  lens  tissue."  The  authors 
subsequently  added  terms  corresponding  to  exposure  score,  duration,  and 
duration-exposure  interaction  to  the  linear  regression  equations  and 
found  that  the  differences  in  regression  coefficients  were  significant 
(p<0.05),  with  age  providing  the  highest  contributions  to  eye  score  and 
successively  smaller  contributions  from  the  other  terms. 

The  authors  then  used  a  2x4  contingency  chi-square  table  to  determine 
which  of  the  lens-defect  categories  contributed  substantially  to  the 
scores.  The  highest  mean  scores  were  for  minute  defects,  1.66  and  1.61 
for  the  exposed  and  control  groups,  respectively,  but  the  difference  was 
nonsignificant  (p>0.05).  Respective  mean  scores  of  1.58  and  1.47  were 
obtained  for  opacification,  a  significant  difference  (p<0.025).  The 
mean  scores  for  relucency  were  1.56  and  1.53;  those  for  sutural  defects 
were  1.19  and  1.21;  both  differences  were  nonsignificant.  The  lowest 
mean  scores  were  for  posterior  polar  defects,  0.62  and  0.41  for  the 
exposed  and  control  groups,  respectively,  but  the  difference  between 
them  had  the  highest  significance  (p<0.0005). 

Open  to  question  in  this  study,  in  addition  to  the  usual  uncertainties 
regarding  actual  exposure  frequencies,  levels,  and  durations,  were  the 
grading  of  each  worker  for  lens  changes  on  an  arbitrary  0-3  scale  and 
the  use  of  composite  eye  scores,  measures  that  were  subjective  and  not 
associated  with  actual  reduction  in  visual  acuity  in  the  individuals 
examined;  statistical  analyses  based  on  such  measures  can  be  misleading. 
Other  problems  were  the  previously  noted  age-distribution  difference 
between  the  exposed  and  control  groups  and  the  age-related  lens  changes 
in  both.  Regarding  the  latter,  the  authors  stated:  "Since  the  number  of 
defects  increased  significantly  with  age  in  the  control  group  as  well  as 
in  the  group  of  raicrowa/e  workers,  this  process  may  be  interpreted  as 
indicating  lens  aging.  Occupational  exposure  to  microwave  radiation  may 
be  implicated  as  a  stress  which  increases  the  rate  of  lens  aging  al¬ 
though  it  is  impossible  at  present  to  relate  this  effect  to  functional 
impairment  such  as  loss  of  visual  acuity  or  cataracts." 

Aurell  and  Tengroth  (1973)  investigated  98  personnel  involved  in  the 
industrial  development  of  radar  equipment  (presumably  in  Sweden).  Of 
these,  68  had  been  exposed  to  microwaves  for  a  "certain"  period  (not 
specified)  or  had  been  still  working  in  this  field,  and  included  persons 
testing  radar  equipment  and  measuring  microwave  radiations  from  various 
klystrons  and  persons  from  the  experimental  laboratories.  The  control 
group  consisted  of  30  people  from  the  same  industry  who  had  never  been 
exposed  as  far  as  was  known.  Two  eye  specialists  independently  examined 
these  128  people  without  knowledge  of  their  occupation  or  exposure.  The 
examination  included  refraction  and  determination  of  visual  acuity,  a 
study  of  the  optical  media  with  a  corneal  microscope  and  slit  lamp  under 
complete  pupil  dilation,  and  an  ophthalmoscopic  study  of  the  retina. 


The  numbers  of  persons  who  had  opacities  larger  than  0.5  mm  in 
diameter  or  a  large  concentration  of  smaller  opacities  in  the  subcorti¬ 
cal  region  were  displayed  as  bar  graphs  for  those  less  than  26  years  of 
age  and  for  the  5-year  age  subgroups  26-30  to  56-60  years.  None  of  the 
6  persons  in  the  exposed  group  and  the  7  persons  in  the  control  group 
younger  than  26  years  had  opacities.  Those  in  the  26-30,  31-35,  and  36- 
40  comprised  the  three  largest  exposure  subgroups.  In  the  26-30  sub¬ 
group,  6  of  20  had  opacities,  as  compared  with  2  of  15  in  the  control 
subgroup;  the  results  for  the  31-35-year  exposed  and  control  subgroups 
were  5  of  14  and  0  of  4,  respectively;  and  in  the  36-40  subgroups,  there 
were  6  of  15  and  1  of  2,  respectively.  Of  6  persons  in  the  41-45  ex¬ 
posed  subgroup,  2  had  opacities,  but  neither  of  the  2  persons  in  the 
control  subgroup  did.  The  three  older  exposed  subgroups  each  had  at 
least  one  person  with  opacities,  but  there  were  no  persons  older  than  41 
years  in  the  control  group  for  comparison.  The  retinal-lesion  results 
were  qualitatively  similar  to  those  for  opacities;  19  (of  68)  exposed 
people  exhibited  such  lesions,  as  compared  with  only  1  (of  30)  in  the 
control  group. 


In  their  discussion,  the  authors  stated:  "It  is  of  great  interest  that 
eye  lesions,  both  lenticular  and  retinal,  found  in  this  material  are 
significantly  higher  in  the  group  of  persons  belonging  to  the  test  group 
than  the  persons  working  in  the  laboratories.  It  is  difficult  to  draw 
conclusions  as  to  which  kind  of  work  entails  the  most  risk,  but  one 
knows  that  the  personnel  testing  the  equipment  for  measuring  radiation 
are  more  liable  to  exposure  from  higher  power  levels  than  others,  i.e. 
laboratory  personnel .. .Another  explanation  is  that  the  eye  lesions 
observed  are  due  to  leakages  from  the  equipment,  or  carelessness  on  the 
part  of  the  personnel." 

Appleton  and  coworkers  initiated  a  survey  consisting  of  examinations 
of  the  eyes  of  personnel  at  Army  posts  where  various  types  of  electronic 
communication,  detection,  guidance,  and  weather  equipment  were  under 
development,  test,  and  use.  In  Appleton  and  McCrossan  (1972),  results 
of  semiannual  examinations  conducted  between  November  1968  and  May  1971 
of  226  persons  employed  at  Fort  Monmouth,  NJ,  were  presented.  The 
selection  of  personnel  was  based  on  the  Occupational  Vision  Program  of 
the  post,  and  all  personnel  with  histories  of  working  with  microwave 
equipr.snt ,  lasers,  xenon  arcs,  ultraviolet,  and  welding  were  asked  to 
participate.  Examinations  were  conducted  by  ophthalmologists  without 
prior  knowledge  of  the  histories  of  the  individuals.  The  visual  acuity 
of  each  person  was  determined.  Then  the  pupil  of  each  eye  was  dilated 
and  the  fundus  examined  by  direct  ophthalmoscopy,  with  special  attention 
on  the  details  of  the  posterior  pole.  This  was  followed  by  examination 
of  the  anterior  segment  with  a  slit  lamp  having  a  beam-splitter  and  ob¬ 
servation  tube  attached.  Recorded  were: 

1.  Presence  or  absence  of  opacities  visible  as  shadows  against  the  red 
reflex  seen  in  the  coaxial  view  (lighting  and  viewing  lines  coincident). 
If  present,  the  number,  location,  and  shape  of  the  opacities  were  noted. 

2.  Presence  or  absence  of  vacuoles.  If  present,  their  number  and 
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location  were  noted. 


3.  Presence  or  absence  of  posterior  subcapsular  iridescence  (PSCI),  a 
polychromatic  luster  caused  by  interference  patterns  at  the  level  of  the 
posterior  lens  shagreen  when  the  angles  of  illumination  and  viewing  are 
equal  with  respect  to  the  normal  line  for  the  region  where  the  sutures 
meet  and  in  the  same  horizontal  plane  as  this  line. 

4.  Absence  of  all  of  the  foregoing,  termed  "negative  results." 

Following  the  examinations,  the  population  was  divided  on  the  basis  of 
microwave  history.  The  individuals  who  provided  histories  of  working 
directly  with  microwaves,  either  as  test-development  personnel  or  as 
operators  of  such  equipment  were  called  "experimental"  (91  persons). 
Those  employed  at  the  post  but  who  denied  ever  having  worked  with  or 
being  near  such  equipment  were  called  "controls"  (135  persons).  Each 
group  was  divided  into  five  subgroups  comprising  the  10-year  age  spans 
20-29  through  60-69  years;  the  size  of  each  subgroup  and  the  number  of 
persons  therein  in  each  of  the  four  categories  above  are  tabulated  in 
Table  15.  (Note  that  some  persons  were  counted  in  more  than  one 
category. ) 


TABLE  15:  RESULTS  OF  APPLETON  AND  McCROSSAN  (1972) 
EXPERIMENTAL  GROUP 


Age 

Size 

Opacities 

Vacuoles 

PSCI 

Negative 

20-29 

15 

0  (OX) 

2  (13X) 

3  ( 20X) 

11 

(73X) 

30-39 

21 

5  (24X) 

7  ( 33X) 

5  (24X) 

11 

(52X) 

40-49 

31 

10  (32X) 

8  (26X) 

17  ( 55X ) 

9 

(29X) 

50-59 

18 

7  ( 39X) 

4  (22X) 

13  ( 72X) 

3 

(17X) 

60-69 

6 

4  (67X) 

3  ( 50X) 

4  (67X) 

0 

(OX) 

CONTROL 

GROUP 

20-29 

37 

0  (OX) 

4  ( 1 IX) 

9  ( 24X) 

25 

(68X) 

30-39 

32 

6  ( 19X) 

6  ( 19X) 

10  (31X) 

15 

(47X) 

40-49 

38 

10  (26X) 

10  (26X) 

21  ( 55X) 

9 

(24X) 

50-59 

20 

6  (30X) 

7  ( 35X) 

17  (85X) 

6 

( 30X) 

60-69 

8 

1  (13X) 

2  (25X) 

4  ( 50X ) 

3 

(38X) 

The  authors  concluded:  "It  appears  from  this  study  that  available 
clinical  evidence  does  not  support  the  assumption  that  cataracts  which 
develop  in  personnel  performing  duties  in  the  vicinity  of  microwave 
generating  equipment  are  a  result  of  microwave  exposure,  unless  a 
specific  instance  of  severe  exposure  can  be  documented  and  correlated 
with  subsequent  cataract  development."  They  presented  no  statistical 
treatment  of  the  data.  Noteworthy  in  the  tables  above,  however,  are  the 
larger  percentages  of  negative  results  for  the  three  younger  subgroups 
(20  to  49  years  old)  of  the  experimental  group  than  in  the  corresponding 


subgroups  of  the  control  group  and  the  converse  for  the  two  older 
subgroups  (50  to  69  years  old). 

In  a  later  paper,  Appleton  (1973)  elaborated  on  the  selection  and  use 
by  ophthalmologists  of  opacities,  vacuoles,  and  PSCI  as  easily  recogniz¬ 
able  measures  or  diagnostic  criteria  of  possible  subclinical  eye  damage, 
and  noted  that  one  or  more  of  these  signs  are  seen  more  often  in  people 
as  they  age  and  in  younger  persons  who  are  developing  cataracts.  The 
same  Fort  Monmouth  data  (with  a  few  minor  discrepancies)  were  presented. 
In  addition,  results  were  presented  for  examinations  of  personnel  at 
White  Sands  Missile  Range,  NM,  and  Fort  Bliss,  TX,  and  subsequently  ob¬ 
tained  results  for  personnel  at  Tobyhanna  Depot,  PA,  and  Fort  Huachuca, 
AZ ,  yielding  totals  of  605  experimental  and  493  control  personnel. 

The  abstract  for  this  paper  stated:  "Preliminary  results  indicate  no 
statistically  significant  differences  in  ocular  findings  between  study 
groups."  Again,  no  statistical  treatment  of  the  data  was  presented. 

Final  results  of  the  survey  were  presented  in  Appleton  et  al.  (1975b), 
which  encompassed  1542  experimental  and  801  control  subjects  at  the 
posts  noted  above,  who  were  examined  semiannually  over  the  period  from 
November  1968  to  September  1973  and  included  individuals  less  than  20 
years  old.  These  results  are  reproduced  in  Table  16.  (The  authors  did 
not  present  the  negative  results.) 

TABLE  16:  RESULTS  OF  APPLETON  ET  AL.  (1975b) 


EXPERIMENTAL 

GROUP 

Age 

Size 

Opac it ies 

Vacuoles 

PSCI 

<20 

43 

1 

(2Z) 

4 

( 9Z) 

8 

(19Z) 

20-29 

506 

17 

(3X) 

94 

(19Z) 

163 

( 32Z) 

30-39 

433 

44 

(10Z) 

102 

( 24Z ) 

180 

(42Z) 

40-49 

316 

37 

(12Z) 

108 

(35Z) 

188 

(60Z) 

50-59 

196 

45 

(  2  3  X  ) 

66 

(34Z) 

132 

( 68Z ) 

60-69 

48 

15 

(  3 1 Z ) 

16 

(33Z) 

16 

( 33Z ) 

CONTROL  GROUP 

<20 

13 

0 

(0Z) 

1 

( 8  Z ) 

1 

(8Z) 

20-29 

188 

10 

(5Z) 

33 

(18Z) 

53 

( 28Z ) 

30-39 

196 

21 

(10Z) 

55 

( 28Z ) 

99 

(51Z) 

40-49 

247 

37 

(I5Z) 

71 

( 29Z ) 

138 

(56Z) 

50-59 

128 

25 

( 20Z ) 

53 

(4 1 Z ) 

95 

(74Z) 

60-69 

29 

8 

( 28Z ) 

14 

(48Z) 

20 

(69%) 

Stated  by  the  authors:  "The  conclusions  that  can  be  drawn  from  such  a 
survey  are  necessarily  limited:  if  any  population  has  been  partitioned 
on  the  basis  of  some  possible  occupational  exposure  and  the  health  of 
the  target'  group  is  the  same  as  the  control'  group  (a  negative 
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result),  then  it  is  reasonable  to  conclude  that  the  occupational  expo¬ 
sure  (if  any)  has  been  insufficient  to  affect  health.  On  the  other 
hand,  if  there  is  a  difference  between  the  two  groups  with  respect  to 
health,  this  difference  may  be  due  to  the  exposure,  or  it  may  be  due  to 
some  other  variable,  known  or  unknown;  so  the  only  conclusion  that  could 
be  drawn  in  that  second  case  would  be  that  harmful  effects  of 
occupational  exposure  have  not  been  ruled  out." 

Hollows  and  Douglas  (1984)  examined,  with  slit  lamp,  the  lenses  of  53 
radiolineraen  from  the  same  communication  organization  throughout  Aus¬ 
tralia  who  were  occupationally  exposed  to  RFR  by  erecting  and  maintain¬ 
ing  radio,  television,  and  repeater  towers.  The  group  included  workers 
who  had  maximal  cumulative  RFR  exposure  but  excluded  persons  known  to 
have  cataracts  or  who  had  cataracts  removed.  The  frequencies  ranged 
from  558  kHz  to  527  MHz.  Measurements  of  power  density  in  and  around 
work  areas  yielded  values  varying  from  0.08  to  3956  raW/sq  cm. 

The  results  of  these  examinations  were  statistically  compared  with 
those  for  39  age-matched  controls  from  the  same  Australian  states  who 
had  never  been  radiolinemen.  The  authors  noted:  "For  most  of  the  work¬ 
ing  lives  of  the  radiolinemen  in  this  study  there  was  no  national  stan¬ 
dard  for  permitted  exposure  limit... The  radio  and  television  towers 
appear  to  be  the  only  occupational  source  of  microwaves  to  which  these 
men  were  exposed... It  was  not  possible  completely  to  exclude  from  the 
control  group  persons  with  ocular  symptoms  that  could  have  related  to 
cataract."  All  of  the  subjects  were  under  60  years  old.  Each  exam¬ 
ination  was  done  without  prior  knowledge  of  whether  the  subject  was  a 
radiolineman . 

The  primary  ocular  finding  was  of  "posterior  subcapsular  cataract 
(PSC)"  in  212  (11/53)  of  the  radiolinemen  as  compared  with  81  (3/39)  of 
the  controls,  or  in  182  (19/106)  of  the  eyes  of  the  radiolinemen  as 
compared  with  82  (6/78)  of  the  control  eyes.  The  significance  levels  by 
use  of  the  Freeman-Tukey  transformation  were  p-0.086  and  p-0.043, 
respectively.  The  mean  ages  were  46  +/-  10  (SD)  and  42  +  /-  9  for  the 
radiolinemen  with  and  without  FSC,  respectively;  for  the  controls  with 
and  without  PSC,  the  values  were  respectively  37  +/-  6  and  44  +/-  9. 

The  authors  also  reported:  "Nuclear  sclerosis,  a  type  of  lens  opacity 
possibly  attributable  to  exposure  to  solar  irradiation,  was  present  in 
50  (472)  of  the  eyes  of  radiolinemen  (grade  1  in  42,  grade  2  in  8)  and 
in  34  (442)  of  the  eyes  of  controls  (grade  1  in  32,  grade  2  in  2)  (chi- 
squared-  2.18;  not  significant.)  Pseudoexfoliation  of  the  lens  capsule 
was  not  found  in  either  group.  Pterygium  occurred  four  times  in  the 
radiolineraen,  and  once  in  the  non-radiolinemen."  The  authors  concluded: 
"The  results  of  this  controlled  examination  suggest  an  increase  in  PSC 
in  radiolinemen  that  may  be  work  related." 

Not  indicated  in  this  paper  is  the  degree  of  vision  degradation  due  to 
the  presence  of  postcapsular  cataract  (and/or  of  nuclear  sclerosis).  In 
this  context,  it  is  not  clear  whether  postcapsular  cataract  (not  defined 
by  the  authors)  is  more  severe  than,  or  qualitatively  differs  from, 


posterior  subcapsular  iridescence  (PSCI),  one  of  the  three  precursors  to 
cataract  development  described  in  Appleton  and  McCrossan  (1972). 


Frey  (1985)  recently  took  issue  with  the  findings  of  Appleton  and 
McCrossan  (1972)  and  cited  "three  major  flaws:"  "First,  the  exposed 
group  likely  included  persons  with  little  or  no  exposure.  This  mixing 
in  the  sample  they  selected  as  the  exposed  group  would  tend  to  minimize 
the  possibility  of  finding  microwave  effects.  Secondly,  their  control 
group  consisted  of  people  working  with  equipment  known  to  cause  eye 
damage,  a  factor  that  would  also  tend  to  minimize  the  possibility  of 
finding  microwave  effects.  Thirdly,  and  most  important,  they  did  not  do 
a  statistical  analysis  on  their  data.  When  the  writer  [Frey]  did  one, 
it  showed  that  Appleton  and  McCrossan  had  a  statistically  significant 
difference  between  groups,  with  the  microwave  exposed  group  showing  more 
lens  opacities  than  would  be  expected  by  chance." 

Regarding  the  first  two  points,  Frey  reproduced  the  percentages  of 
opacities  by  age  subgroup  in  the  exposure  and  control  groups  found  by 
Appleton  and  McCrossan  (see  column  3  of  Table  15],  and  for  comparison, 
presented  the  percentages  of  cataracts  in  males  published  by  the 
National  Center  for  Health  Statistics.  These  percentages  are  shown  in 
columns  2-4  of  Table  17,  with  the  Appleton  and  McCrossan  control  and 
experimental  percentages  denoted  "A&M-Controls"  and  "A&M-Exposed , " 
respectively,  and  those  for  the  National  Center  for  Health  Statistics 
survey  as  "NCHS." 

TABLE  17:  PERCENTAGES  OF  OPACITIES 


Age 

A&M-Cont rols 

NCHS 

A&M-Exposed 

A-Controls 

20-29 

0 

2 

0 

5 

30-39 

19 

2 

24 

10 

40-49 

26 

6 

32 

15 

50-59 

30 

16 

39 

20 

60-69 

13 

34 

67 

28 

Frey  commented  that  the  differences  in  percentages  in  the  Appleton  and 
McCrossan  control  group  relative  to  those  for  the  NCHS  survey  were 
indicative  of  the  bias  in  the  control  group,  because  some  of  the  persons 
in  the  latter  group  had  worked  with  equipment  known  to  damage  the  eye. 
Not  clear,  however,  was  why  Frey  (1985)  chose  to  analyze  that  earlier 
study  rather  than  the  final  results  in  Appleton  et  al.  (1975b),  of  which 
he  evidently  was  aware,  and  which  encompassed  much  larger  experimental 
and  control  groups;  instead,  he  merely  dismissed  the  later  study  as 
"also  flawed."  The  percentages  of  opacities  in  the  control  group  of 
that  study  (from  Table  16)  are  shown  under  "A-Controls"  in  column  5 
of  Table  17;  these  percentages  are  closer  to  those  for  the  NCHS  survey 
than  are  the  corresponding  values  for  the  A&M-Cont rols . 

Regarding  the  statistical  significance  of  the  Appleton  and  McCrossan 
(1972)  data,  Frey  (1985)  indicated  that  he  had  performed  a  Kilraogorov- 
Smirnov  test  and  found  that  the  differences  in  opacity  percentages  were 


not  related  to  a  difference  in  age  distribution  between  groups.  He  then 
counted  all  (without  regard  to  age  subgroup)  reported  by  Appleton  and 
McCrossan  as  having  opacities:  26  and  23  individuals  in  the  experimental 
and  control  groups,  respectively,  and  all  who  did  not  have  opacities 
(including  those  reported  to  have  vacuoles  and/or  exhibiting  PSCI),  65 
and  112  individuals,  respectively.  To  test  the  hypothesis  that  exposure 
to  microwaves  increases  opacities,  he  performed  a  chi-square  test  on 
these  four  numbers  and  obtained  4.2,  p<0.05. 

In  a  response  to  Frey  (1985),  Wike  and  Martin  (1985)  noted  that  Frey's 
comparison  of  percentages  of  opacities  with  the  NCHS  percentages  of 
cataracts  was  inappropriate  because  opacities  and  cataracts  are  not 
identical  and  that  Appleton  and  coworkers  "deliberately  used  three 
reliable  physical  signs  (opacities,  vacuoles,  and  posterior  subcapsular 
iridescence)  of  developing  cataracts  rather  than  the  diagnosis  of 
cataract  because  ophthalmologists  cannot  agree  on  the  diagnosis  of 
cataract  except  in  fully  matured  cases." 

Wike  and  Martin  (1985)  noted  that  Appleton  and  coworkers  did  not 
provide  any  information  regarding  the  characteristics  of  their  subjects 
except  for  their  age  ranges  and  that  their  conclusions  rest  on  the 
validity  of  the  assumption  that  the  two  groups  are  equivalent  in  other 
subject  characteristics,  such  as  diet,  exercise,  general  health,  etc., 
an  assumption  challenged  by  Frey.  Wike  and  Martin  stated:  "Frey's  logic 
is  puzzling.  If  he  deemed  the  design  [of  the  Appleton  survey]  to  be 
inadequate,  then  why  should  the  data  be  analyzed?" 

Regarding  Frey's  statistical  analysis,  Wike  and  Martin  (1985)  stated 
four  major  reservations.  First,  they  cited  Chapter  10  of  Fl>:iss  (1973), 
who  included  the  method  [used  by  Frey]  of  doing  a  chi-squar*’  on  a  table 
of  totals  under  "Methods  to  be  Avoided"  and  who  presented  en  example  in 
which  two  nonsignificant  chi-square  tables  produced  a  significant  chi- 
square  table  when  combined.  Second,  they  also  noted  Frey's  dismissal  of 
the  Appleton  et  al .  (1975b)  study  and  noted  that  had  Frey  analyzed  the 
latter  (which  included  the  results  of  Appleton  and  McCrossan,  1972),  he 
would  have  obtained  2.82,  p-0.09  (nonsignificant). 

Third,  Frey  did  not  analyze  the  data  on  vacuoles  or  PSCI.  Wike  and 
Martin  indicated  that  if  Frey  had  applied  his  chi-square  method  to  the 
vacuole  and  PSCI  data  in  Appleton  and  McCrossan  (1972),  he  would  have 
found  that  the  differences  between  experimental  and  control  groups  were 
nonsignificant  for  either  response;  for  the  data  in  Appleton  et  al. 
(1975b),  the  chi-square  test  would  have  shown  that  the  proportion  of 
vacuoles  were  nonsignif icantly  lower,  and  the  proportion  of  PSCIs  were 
significantly  lower,  in  the  experimental  than  the  control  group. 

Fourth,  Wike  and  Martin  indicated  that  Frey's  analysis  of  groups  was 
not  optimal  for  the  factorial  design  of  the  Appleton  studies,  in  which 
the  factors  were  age  (five  levels),  group  (two  levels,  experimental  and 
control),  and  opacity  response  (two  levels,  presence  or  absence),  and 
that  therefore  Frey  learned  nothing  about  the  other  main  effect  of  age 
and  the  interaction  of  age  and  group  on  opacities.  Instead,  Wike  and 
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Martin  noted  that  log-linear  analyses  for  models  of  various  levels  of 
complexity  are  appropriate  and  provided  the  results  of  such  analyses  of 
the  data  in  Appleton  and  McCrossan  (1972)  and  Appleton  et  al.  (1975b). 
The  analyses  of  both  sets  of  data  yielded  the  same  conclusions:  that  the 
occurrence  of  opacities  was  significantly  associated  with  age  and  not 
with  groups,  and  that  Frey's  conclusion  was  erroneous. 


In  summary,  most  of  the  data  above  on  possible  cataractogenesis  from 
human  exposure  to  RFR  yielded  negative  findings  (subject  to  the  usual 
uncertainties  regarding  exposure  parameters  and  durations  common  to 
epidemiologic  studies);  possible  exceptions  were  individual  cases  of 
occupational  exposure  to  RFR  levels  and  durations  that  might  have  been 
sufficient  to  heat  the  eye  to  temperatures  well  in  excess  of  those  found 
to  be  damaging  in  animal  experiments. 
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3. 1.4.2  AUDITORY  EFFECTS 


Humans  near  some  types  of  pulsed  radar  systems  have  perceived  indivi¬ 
dual  pulses  of  RFR  as  audible  clicks  (without  use  of  electronic  recep¬ 
tors).  This  phenomenon,  first  investigated  by  Frey  (1961),  attracted 
much  interest  because  it  has  been  cited  often  as  evidence  that  nonther- 
mal  effects  can  occur  and  because  an  initial  hypothesis  was  that  a  poss¬ 
ible  mechanism  for  perception  is  direct  stimulation  of  the  central  ner¬ 
vous  system  by  RFR. 

Many  of  the  results  support  the  hypothesis  that  a  pulse  of  RFR  having 
the  requisite  pulse  power  density  and  duration  can  produce  a  transient 
thermal  gradient  large  enough  to  generate  an  elastic  shock  wave  at  some 
boundary  between  regions  of  dissimilar  dielectric  properties  within  the 
head,  and  that  this  shock  wave  is  transmitted  to  the  middle  ear,  where 
it  is  perceived  as  a  click.  Persons  with  impaired  hearing  are  unable  to 
hear  such  clicks,  and  experimental  animals  in  which  the  cochlea  (inner 
ear)  has  been  destroyed  do  not  exhibit  brainstem-evoked  responses. 

Although  this  topic  is  presented  here  under  "Studies  of  Humans,"  the 
results  of  experiments  with  animal  subjects  and  nonbiological  targets 
are  also  discussed,  to  avoid  fragmenting  the  descriptions  of  several 
studies  that  involved  both  human  and  animal  subjects. 

Frey  (1961)  exposed  human  subjects  to  either  6-microsecond  pulses  of 
1.3-GHz  RFR  at  244  pps  (0.0015  duty  cycle)  or  1-microsecond  pulses  of 
3.0-GHz  RFR  at  400  pps  (0.0004  duty  cycle).  The  ambient  noise  levels 
were  respectively  about  70  and  80  dB,  but  earplugs  decreased  the  noise 
by  about  25-30  dB.  The  mean  threshold  of  average  power  density  for  RFR 
perception  was  about  0.4  raW/sq  cm  at  1.3  GHz  for  eight  subjects  and  2 
mW/sq  cm  at  3.0  GHz  for  seven  subjects.  The  corresponding  peak  power 
densities  were  about  270  and  5000  mV/sq  cm.  (No  variances  or  other 
statistical  data  were  given.) 

The  subjects  were  unable  to  match  the  RFR  sounds  to  audio  sine  waves. 
With  white  noise  controlled  by  a  variable  band-pass-filter,  best  match 
was  obtained  by  removing  all  frequencies  below  about  5  kHz. 

Four  subjects  with  various  degrees  of  hearing  loss  (for  air-conducted 
and  bone-conducted  sound)  were  tested  for  perception  of  the  1.3-GHz  RFR. 
Subject  1  with  significant  hearing  ’ iss  of  both  kinds  above  about  2  kHz 
was  unable  to  perceive  the  RFR  sound  at  intensities  30  times  above  the 
threshold.  Subject  2,  who  had  bilateral  severe  air-conduction  loss 
(about  50  dB)  but  moderate  bone-conduction  loss  (about  20  dB),  was  able 
to  perceive  the  RFR  sound  at  about  threshold  level.  Subject  3,  with 
tinnitus  and  bilateral  hearing  loss  ranging  from  about  10  dB  at  250  Hz 
to  about  70  dB  at  8  kHz  for  air  conduction,  more  severe  loss  for  bone 
conduction,  and  who  had  been  diagnosed  as  having  neomycin-induced  nerve 
deafness,  was  unable  to  perceive  the  RFR.  Subject  4,  who  had  normal 
bilateral  air-conduction  hearing  to  about  4  kHz  but  severe  bilateral 
bone-conduction  loss  was  also  unable  to  perceive  the  RFR. 


ill 


The  author  had  concluded  that  a  necessary  condition  for  perception  of 
RFR  as  sound  was  the  ability  to  hear  sound  above  about  5  kHz,  but  not 
necessarily  by  air  conduction.  Frey  (1962),  however,  stated  that  some 
subjects  with  an  audiogram  notch  around  5  kHz  (i.e.,  with  adequate  hear¬ 
ing  for  frequencies  above  5  kHz)  did  not  perceive  RFR  sound.  In  this 
later  study,  the  RFRs  used  were  425-MHz  pulses  of  125,  250,  500,  1000, 
and  2000  microseconds  at  27  pps  (respective  duty  cycles  of  0.0034, 
0.0068,  0.0135,  0.027,  and  0.054)  and  2.5-microsecond  pulses  of  8.9-GHz 
RFR  at  400  pps  (duty  cycle  0.001).  The  ambient  noise  levels  were  70-90 
dB  and  the  subjects  wore  Flent  antinoise  ear  stopples,  which  diminished 
the  ambient  levels  by  about  20  dB  from  100  Hz  to  2  kHz  and  by  about  35 
dB  at  10  kHz. 

The  average-power-density  thresholds  for  perception  of  125-,  250-, 
500-,  and  1000-microsecond  pulses  of  425-MHz  RFR  were  1.0,  1.9,  3.2,  and 
7.1  mW/sq  cm,  respectively,  the  corresponding  peak  power  densities  were 
300,  280,  240,  and  260  mW/sq  cm  (again  given  without  statistical  data). 
(The  threshold  for  2000-microsecond  pulses  of  425-MHz  RFR  was  not  deter¬ 
mined  because  of  inadequate  instrumentation.)  Thus,  all  four  425-MHz 
peak-power  values  were  comparable  to  the  1 . 3-GHz  threshold  previously 
found  (Frey,  1961),  implying  insensitivity  to  frequency  in  this  range. 
The  3-GHz  peak-power  threshold  was  much  higher,  however,  about  5  W/sq 
cm,  and  the  8.9-GHz  RFR  was  not  perceived  for  peak-power  densities  as 
high  as  25  W/sq  cm.  The  author  suggested  that  the  perception-threshold 
rise  from  1.3  GHz  upward  was  related  to  the  dependence  of  penetration 
depth  on  frequency.  The  author,  noting  the  high  ambient  noise  levels, 
also  suggested  that  the  thresholds  would  be  lower  in  quieter  environ¬ 
ments  . 

Frey  (1962)  also  speculated  about  the  possible  sites  and  mechanisms  of 
detection  of  pulsed-RFR,  including  RFR-induced  changes  of  the  electrical 
capacitance  between  the  tympanic  membrane  and  the  oval  window,  detection 
in  the  cochlea,  and  interaction  of  RFR  with  neuron  fields  in  the  brain. 
The  first  possibility  was  discounted  because  of  insensitivity  of  the 
RFR-hearing  effect  to  head  orientation  relative  to  the  RFR  source.  He 
indicated  that  the  then-current  experimental  results  were  inconclusive 
relative  to  the  other  two  possibilities. 

Frey  (1967)  endeavored  to  resolve  this  point  by  studying  the  poten¬ 
tials  evoked  in  the  cat  brain  by  exposure  to  10-microsecond  pulses 
within  the  range  1.2-1. 5  GHz.  One  electrode  was  implanted  in  the  brain 
stem  of  each  cat,  with  tip  in  the  nucleus  subthalaraicus ,  forraatio  reti¬ 
cularis,  nucleus  olivaris,  or  nucleus  reticularis  paramed ianus .  The 
electrode  was  of  coaxial  design  to  avoid  RFR  energy  pickup.  (The  author 
stated  that  during  extensive  testing,  the  electrode  showed  no  indication 
of  energy  pickup.) 

The  procedure  after  recovery  from  surgery  (4-6  weeks)  was  to  anesthe¬ 
tize  the  cat  with  Fluothane  in  oxygen,  place  it  in  an  exposure  chamber 
lined  with  RFR-absorbent  materials,  adjust  the  anesthesia  to  a  depth 
that  just  prevented  voluntary  movement,  and  evaluate  the  status  of  the 
electrode  by  monitoring  the  pattern  of  brain  electrical  activity  for  a 


short  time.  The  head  of  the  cat  was  then  exposed  to  the  RFR  from  a  horn 
50  cm  above,  and  the  first  30-ms  of  brain-stem  output  after  each  pulse 
was  recorded  and  averaged  over  successive  pulses  with  a  computer.  Syn¬ 
chronization  pulses  at  appropriate  repetition  frequencies  were  used  to 
trigger  the  RFR  generator  and  (with  a  1-ms  time  delay)  the  oscilloscope, 
recorder,  and  computer  used  for  assessing  the  evoked  responses. 

During  experimental  sessions,  exposures  of  each  cat  to  the  RFR  were 
alternated  with  5-min  rest  periods.  Interspersed  with  the  RFR-exposures 
were  runs  with  CW  or  pulsed  acoustic  stimuli  at  the  repetition  frequency 
of  the  RFR,  but  no  details  were  given  regarding  how  such  stimuli  were 
presented.  The  electrical  activity  in  each  brain  region  was  recorded 
just  before,  and  a  few  minutes  after,  euthanizing  the  cat. 

The  author  indicated,  without  giving  data,  that  the  threshold  average 
and  peak  power  densities  necessary  to  evoke  brain-stem  potentials  were 
about  0.03  and  60  mW/sq  cm.  These  values  correspond  to  a  duty  cycle  of 
0.0005  and  (for  10-microsecond  pulses)  to  a  pulse  repetition  frequency 
of  50.  The  results  presented  were  representative  averaged  waveforms 
evoked  in  the  four  brain-stem  regions  by  the  RFR  and  pulsed  acoustic 
stimuli.  These  showed  that  responses  were  evoked  by  both  stimuli  before 
but  not  after  euthanizat ion ,  indicating  that  the  responses  were  not 
artif actual.  The  author  also  stated  that  no  cochlear  microphonic  was 
apparent  in  response  to  the  RFR,  but  this  point  could  not  be  discerned 
from  the  waveforms  shown. 

A  set  of  four  waveforms  from  the  nucleus  subthalamicus  evoked  by  RFR 
at  frequencies  of  1.2,  1.3,  1.425,  and  1.525  GHz  showed  the  amplitudes 
for  the  two  lower  frequencies  to  be  about  the  same,  but  that  the  ampli¬ 
tude  was  lower  at  1.425  GHz  and  almost  negligible  at  1.525  GHz,  results 
taken  by  the  author  to  indicate  that  there  is  a  broad  range  of  optimal 
carrier  frequencies  consonant  with  calculations  of  RFR  penetration  in 
the  head. 

Frey  and  Messenger  (1973)  exposed  humans  to  pulsed  1.245-GHz  RFR  at  50 
pps  in  an  RFR  anechoic  chamber.  In  one  set  of  experiments,  the  average 
power  density  was  held  constant  at  0.32  raW/sq  cm  and  the  pulse  width  was 
varied  from  10  to  70  microseconds  in  10-raicrosecond  increments,  yielding 
peak  power  densities  from  640  to  91  raW/sq  cm.  In  another  set,  the  peak 
power  density  was  held  constant  at  370  raW/sq  cm  and  the  pulse  width  was 
varied  over  the  same  range,  yielding  average  power  densities  from  0.19 
to  1.3  mW/sq  cm.  Four  subjects  with  clinically  normal  hearing  were  each 
given  3  trials.  The  start  of  each  trial  was  signaled  optically.  After 
a  variable  interval  of  up  to  5  seconds,  each  subject  was  first  given  a 
pulsed  RFR  signal  for  2  seconds,  the  perceived  loudness  of  which  was  to 
be  taken  as  reference  level  100.  About  5  seconds  later,  the  test  RFR 
signal  was  presented  for  2  seconds  and  the  subject  was  to  signal  its 
numerical  loudness  relative  to  the  reference. 

The  results  were  presented  as  plots  of  perceived  loudness  vs  peak 
power  density  and  vs  average  power  density  (all  on  logarithmic  scales). 
The  point  plotted  for  each  test  condition  was  the  median  value,  without 


deviations,  for  all  subjects  and  repetitions;  no  individual  data  were 
given.  In  the  peak-power-density  plot,  the  loudness  rose  sharply  from 
about  3  at  91  raW/sq  cm  (70-microsecond  pulses)  to  60  at  125  mW/sq  cm 
(50-microsecond  pulses);  at  higher  power  densities,  the  sound  level  rose 
more  slowly  to  a  slightly  rising  plateau,  i.e.,  to  about  100  at  210 
mW/sq  cm  (30-microsecond  pulses),  120  at  315  raW/sq  cm'  (20-microsecond 
pulses),  and  a  slightly  lower  value  at  630  mW/sq  cm  (10-microsecond 
pulses).  The  plateau  indicated  that  there  is  an  optimal  band  of  pulse 
widths,  within  which  the  perceived  loudness  depends  on  the  peak  power 
density.  The  author  ascribed  the  loudness  diminution  at  630  mW/sq  cm  to 
10-raicrosecond  pulses  being  shorter  than  optimal  duration.  The  plot  of 
median  loudness  vs  average  power  density  showed  more  scatter,  with  the 
points  ranging  from  about  60  at  0.19  mW/sq  cm  (10-microsecond  pulses)  to 
a  relatively  flat  maximum  of  100  at  0.55  raW/sq  cm  (30-microsecond 
pulses)  and  diminishing  to  about  40  at  1.29  mW/sq  cm  (70-microsecond 
pulses).  The  author  ascribed  the  dip  for  70-microsecond  pulses  to  this 
duration  being  longer  than  optimum. 

From  their  data,  Frey  and  Messenger  (1973)  calculated  that  the  peak- 
power-density  threshold  for  perception  of  RFR  pulses  is  about  80  mW/sq 
cm,  a  value  lower  than  those  reported  subsequently  by  Cain  and  Rissman 
(1978),  discussed  later.  In  the  absence  of  information  on  scatter  of 
the  responses  by  each  subject  and  because  subjective  judgments  of  rela¬ 
tive  loudness  may  be  imprecise,  the  accuracy  of  the  results  of  Frey  and 
Messenger  (1973)  could  not  be  evaluated. 

White  (1963)  reported  that  when  the  surface  of  a  body  is  transiently 
heated  by  RFR-absorpt ion  (or  electron  bombardment),  elastic  waves  are 
produced  by  surface  motion  due  to  thermal  expansion.  This  process  was 
analyzed  theoretically,  with  emphasis  on  the  case  of  an  input  heat  flux 
varying  harmonically  with  time,  to  relate  the  amplitude  of  the  elastic 
waves  to  the  characteristics  of  the  input  flux  and  thermal  and  elastic 
properties  of  the  body.  Experiments  with  both  electron  impact  and  RFR- 
absorption  verified  the  proportionality  of  the  stress  wave  amplitude  and 
the  absorbed  power  density,  and  correlated  well  with  the  thermal  and 
elastic  properties  of  the  heated  medium. 

Elastic  waves  were  detected  in  all  metals  tested,  in  several  carbon- 
loaded  plastics,  in  water,  and  in  a  silver-coated  barium  titanate  piezo¬ 
electric  crystal.  Mixing  (production  of  beat  frequencies)  was  observed 
when  two  pulses  of  different  RFR  frequencies  were  absorbed  simultaneous¬ 
ly.  Comparison  of  the  elastic-wave  stress  amplitude  with  radiation 
pressure  showed  that  the  former  may  be  much  greater  than  the  latter,  as 
demonstrated  experimentally.  When  a  barium  titanate  crystal  was  used  to 
detect  the  elastic  waves  produced,  heating  by  a  single  2-microsecond 
pulse  of  electrons  or  RFR  produced  easily  detectible  signals  at  pulse 
power  densities  down  to  2  W/sq  cm,  which  corresponded  to  a  computed  peak 
surface-temperature  rise  of  about  0.001  deg  C  and  which  produced  piezo¬ 
electric-crystal  voltages  ranging  from  about  1  to  more  than  60  mV  per 
kW/sq  cm  of  absorbed  power  density. 


Foster  and  Finch  (1974)  confirmed  White's  findings  that  RFR  pulses  can 


produce  acoustic  transients  in  water,  and  showed  by  calculation  that  for 
short  pulses,  the  peak  sound  pressure  is  proportional  to  the  energy  per 
pulse,  whereas  for  long  pulses,  it  is  proportional  to  the  incident  power 
density.  Using  2.45-GHz  RFR  in  several  pulse-power-density  and  pulse- 
duration  combinations  and  a  hydrophone  in  saline  (0.15-N  KC1),  they 
found  that  the  transition  between  the  two  regimes  occurs  for  pulse 
durations  between  20  and  25  microseconds.  The  authors  noted  that  the 
dependence  of  sound  pressure  on  pulse  duration  and  incident  peak  power 
density  is  consistent  with  the  results  of  Frey  and  Messenger  (1973)  at 
1.245  GHz.  They  also  found  that  acoustic  signals  were  not  obtained  in 
water  at  4  deg  C  (where  its  thermal  expansion  coefficient  is  essent  ially 
zero)  and  that  the  polarity  of  the  transient  acoustic  signal  between  0 
and  4  deg  C  was  reversed  from  that  for  temperatures  above  4  deg  C. 

These  results  support  the  thermoelastic  expansion  hypothesis. 

Sharp  et  al.  (1974),  in  an  experiment  involving  shielding  regions  of  a 
subject's  head  from  1 . 5-GHz  RFR  pulses  with  RFR  absorber,  noticed  that 
the  apparent  locus  of  the  perceived  sound  moved  from  the  head  to  the 
absorber.  They  then  confirmed  transduction  of  the  RFR  by  the  absorber 
into  acoustic  signals  by  using  a  sound-level  meter  to  measure  the  delay 
times  for  acoustic  propagation  for  distances  of  0.3  to  0.6  m  between  the 
absorber  and  microphone.  The  pulses  were  14-microseconds  long  and  were 
randomly  triggered  at  about  3  pps.  By  calculation,  the  power  per  pulse 
was  4.5  kW  and  that  the  pulse  power  densities  were  7.5-15  kW/sq  m  (750- 
1500  mW/sq  cm)  for  the  range  of  separations  above. 

Subsequent  tests  by  Sharp  et  al .  (1974)  showed  that  varying  the 
carrier  frequency  from  1.2  to  1.6  GHz  or  using  2.45  GHz  made  little 
difference  in  the  level  or  quality  of  the  sound.  In  addition,  detect¬ 
able  sounds  could  be  produced  with  various  sizes  and  shapes  of  absorber, 
including  pieces  as  small  as  4  ram  square  by  2  mm  thick,  and  in  various 
types  of  absorber  and  in  crumpled  aluminum  foil.  The  threshold  pulse 
power  for  audibility  was  about  275  W,  yielding  estimated  pulse  power 
densities  in  the  range  0.46-0.92  kW/sq  ra  (46-92  mW/sq  cm).  Tests  were 
also  done  with  constant  pulse  repetition  rates  up  to  500  pps,  with  the 
finding:  "The  sound  produced  from  the  absorber  seemed  to  track  the 
repetition  rate  of  the  microwave  pulses." 

Taylor  and  Ashleman  (1974)  surgically  prepared  three  groups  of  three 
cats,  for  recording  potentials  evoked  by  acoustic  and  RFR  stimuli  in 
three  brain  regions  and  determining  the  effect  of  cochlear  disablement. 
Each  cat  was  fitted  on  the  dorsal  surface  of  the  frontal  bone  with  a 
piezoelectric  transducer  for  presentation  of  acoustic  stimuli;  it  was 
removed  for  RFR-exposure .  In  the  cats  of  group  1,  the  eighth  cranial 
(vestibulocochlear)  nerve  was  exposed,  a  glass  pipette  microelectrode 
filled  with  Ringer's  solution  was  inserted  into  the  nerve,  and  the  round 
window  on  the  same  side  was  exposed.  In  those  of  group  2,  a  similar 
electrode  was  advanced  into  the  medial  geniculate  to  a  location  in  the 
nucleus  that  yielded  acoustically  evoked  potentials  of  appropriate  char¬ 
acteristics,  and  both  round  windows  were  exposed.  In  the  cats  of  group 
3,  a  Teflon-covered  carbon  electrode  was  placed  on  the  anterior  ectosyl- 
vian  gyrus  of  the  primary  auditory  cortex  and  both  round  windows  were 


exposed.  Connections  to  the  electrodes  were  made  with  carbon  leads  of 
high  resistance. 

The  acoustic  stimuli  were  produced  by  feeding  10-raicrosecond  electric 
pulses  to  the  piezoelectric  transducer  at  1  pps.  The  RFR  stimuli  were 
32-microsecond,  2.45-GHz  pulses  at  1  pps  fed  via  a  directional  coupler 
to  a  horn  placed  10  cm  posterolaterally  from  the  cat's  head  at  30  deg 
relative  to  the  sagittal  plane.  Incident  power  densities  were  measured 
with  a  bolometer. 

Following  post-surgical  stabilization,  the  lowest  piezoelectric  vol¬ 
tage  that  yielded  a  response  was  determined  and  the  voltage  was  in¬ 
creased  to  a  level  that  was  maximal  in  evoking  activity.  The  transducer 
was  then  removed,  the  head  of  the  cat  was  exposed  to  the  RFR,  and  the 
minimum  and  maximal  levels  for  evoking  responses  were  determined.  When 
responses  to  both  acoustic  and  RFR  pulses  were  clearcut,  the  cochlea  was 
disabled  by  perforating  the  round  window  and  aspirating  the  perilymph, 
and  again  the  response  to  each  stimulus  was  determined.  The  responses 
of  the  medial  geniculate  nucleus  and  auditory  cortex  were  assessed  after 
disabling  each  cochlea.  When  no  evoked  response  occurred  after  disa¬ 
bling  the  cochlea,  the  stimulus  was  raised  to  the  maximum  available  in 
each  case. 

The  results  indicated  that  cochlea  destruction  led  to  total  loss  of 
evoked  potentials  to  both  acoustic  and  RFR  stimuli.  Specifically,  the 
eighth-nerve  potentials  were  lost  after  unilateral  cochlea  destruction, 
the  evoked-potential  amplitudes  from  the  medial  geniculate  and  auditory 
cortex  were  markedly  attenuated  by  aspiration  of  the  contralateral  coch¬ 
lea,  and  disablement  of  the  remaining  cochlea  resulted  in  total  loss  of 
the  potentials. 

From  their  results,  the  authors  concluded:  "We  believe  that  the  data 
strongly  support  the  contention  that  the  microwave  auditory  effect  is 
exerted  on  the  animal  in  a  manner  similar  to  that  of  conventional  acous¬ 
tic  stimuli.  Clearly,  the  elimination  of  the  first  stage  of  transduc¬ 
tion  affects  the  central  nervous  system  response  to  both  of  these  forms 
of  stimulus  energy  in  the  same  way." 

Guy  et  al.  (1975b)  determined  the  power  density  threshold  and  modula¬ 
tion  characteristics  for  the  RFR-hearing  effect  in  human  volunteers, 
compared  the  potentials  evoked  in  four  successive  levels  of  the  cat 
auditory  nervous  system  by  RFR  and  acoustic  pulses,  used  optical  inter¬ 
ferometry  to  quantitate  the  transduction  of  RFR  pulses  to  acoustic 
energy  in  RFR-absorbing  materials,  and  provided  evidence  that  the  RFR- 
hearing  effect  is  due  to  direct  conversion  of  RFR  energy  to  acoustic 
energy  in  the  tissues. 

The  back  of  the  head  of  each  of  two  human  subjects  was  exposed  to  RFR 
at  15-30  cm  from  the  aperture  of  a  horn  (in  the  near  field)  in  an 
anechoic  chamber  at  an  ambient  noise  level  of  45  dB,  with  RFR-absorbent 
material  around  the  vicinity  of  the  subject  to  eliminate  reflections. 

The  RFR  consisted  of  2.45-GHz  pulses  of  duration  that  was  varied  from  1 


to  32  microseconds.  For  each  pulse  duration,  the  RFR  was  presented  in 
trains  of  three  pulses  per  second,  with  the  pulses  in  each  train  spaced 
100  ms  apart.  The  subject  used  a  switch  to  signal  perception  of  an 
auditory  sensation.  Standard  audiograms  taken  prior  to  exposure  showed 
that  the  hearing  threshold  of  subject  1  was  normal  and  that  subject  2 
had  a  deep  notch  at  3.5  kHz  for  both  ears,  with  similar  results  for  air 
and  bone  conduction. 

The  results  for  subject  1  showed  that  irrespective  of  pulse  duration, 
the  threshold  for  perception  of  the  RFR  was  a  constant  peak  energy 
density  per  pulse  (product  of  peak  power  density  and  pulse  duration)  of 
40  microj oules/sq  cm.  The  corresponding  incident  average  power  density 
(for  3  pps)  was  0.12  mW/sq  cm.  When  subject  1  wore  ear  plugs,  the 
threshold  peak  was  o..ly  28  microj oules/sq  cm  per  pulse.  Based  on  a 
spherical  model  of  the  head  (Johnson  and  Guy,  1972),  the  threshold  peak 
specific  absorbed  energy  (SAE)  corresponding  to  40  microj oules/sq  cm  per 
pulse  was  16  roJ/kg.  The  threshold  for  a  pair  of  pulses  within  several 
hundred  microseconds  apart  was  the  same  as  for  one  pulse  with  the  same 
total  energy  as  the  pair.  Similar  results  were  obtained  for  subject  2 
except  that  the  threshold  peak  energy  density  was  135  microj oules/sq  cm 
per  pulse  or  about  threefold  (5  db)  higher  than  for  subject  1. 

The  authors  noted  that  each  pulse  was  perceived  individually  as  a 
click  and  that  short  pulse  trains  were  heard  as  chirps  of  tones  corres¬ 
ponding  to  the  pulse  recurrence  rate.  Also,  when  the  pulse  generator 
was  keyed  manually,  digital  (Morse)  code  transmitted  thereby  could  be 
interpreted  accurately  by  the  subject. 

For  the  study  of  cats,  each  was  fitted  with  a  removable  piezoelectric 
transducer  to  provide  bone-conducted  acoustic  stimuli.  A  nonperturbing 
electrode  consisting  of  a  glass  pipette  filled  with  Ringer's  solution 
was  inserted  surgically  into  the  medial  geniculate  nucleus  to  a  location 
that  yielded  acoustically  evoked  responses  of  the  proper  latency  period. 
To  minimize  RFR  pickup  by  the  instrumentation,  the  electrode  and  ground 
connection  were  coupled  with  high-resistance  c ar bon- 1 oaded  plastic  leads 
through  a  low-pass  filter  to  a  high- impedance  amplifier,  oscilloscope, 
computer  of  average  transients,  and  x-y  plotter. 

The  acoustical  stimuli  consisted  of  pulses  1-30  microseconds  in  dura¬ 
tion  that  were  air-conducted  from  a  speaker  17  cm  to  the  right  of  the 
cat's  head  or  were  transducer-induced.  The  RFR  stimuli  were  pulses, 
0.5-32  microseconds  in  duration,  of  918-MHz  or  2.45-GHz  RFR  from  a  horn 
or  aperture  8  cm  from  the  occipital  pole  of  the  cat.  Pulses  of  c  5-10 
GHz  RFR  were  also  used,  as  noted  below.  Each  stimulus  was  presen- ’d  at 
1  pps.  A  noise  generator  provided  background  noise  of  up  to  90  dB  in 
the  range  50-15000  Hz. 

Representative  response  curves  evoked  by  20-microsecond  air-conducted 
and  bone-conducted  acoustic  pulses  and  by  20-microsecond  pulses  of  2.45- 
GHz  RFR  were  displayed  and  were  similar.  The  threshold  peak  energy- 
density  per  pulse  for  perception  of  2.45-GHz  RFR  varied  only  from  17.8 
microj oules/sq  cm  for  0.5-microsecond  pulses  to  21.6  mi c roj oul es /sq  cm 
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for  10-microsecond  pulses,  values  about  half  the  human  threshold,  but 
it  increased  more  steeply  with  pulse  duration,  to  47.0  microjoules/sq  cm 
for  32-microsecond  pulses  (except  for  25-microsecond  pulses,  for  which 
the  threshold  was  only  15.2).  The  peak  SAEs  were  determined  by  scanning 
infrared  thermography.  The  values  corresponding  to  21.6  and  47.0  raicro- 
joules/sq  cm  per  pulse  respectively  were  12.3  and  26.7  roJ/kg. 

The  threshold  energy-density  values  for  918-MHz  pulses  were  22.6  and 
28.3  microjoules/sq  cm  per  pulse  respectively  for  10-  and  32-microsecond 
pulses  (with  no  dip  for  25-microsecond  pulses),  and  the  corresponding 
peak  SAEs  per  pulse  were  16.0  and  20.0  mJ/kg. 

The  RFR  thresholds  above  were  obtained  with  64  dB  of  background  noise. 
Increases  of  the  noise  level  to  80  dB  (for  pulses  up  to  10  microseconds) 
yielded  insignificant  changes  in  thresholds.  However,  the  energy- 
density  threshold  for  bone-conducted  acoustic  stimulation  was  about 
tenfold  higher  at  80  than  64  dB;  for  air-conducted  acoustic  stimulation, 
the  threshold  was  a  hundredfold  higher  for  70  dB  of  noise  and  was  still 
higher  for  80  dB,  but  by  a  factor  of  less  than  ten. 

With  8.5-10  GHz,  responses  could  be  evoked  only  by  exposing  the  brain 
through  a  large  hole  in  the  skull,  with  the  RFR  horn  within  a  few  cm 
from  the  hole.  The  threshold  values  were  a  peak  incident  power  density 
of  14.8-38.8  W/sq  cm  per  pulse,  which  corresponded  to  an  average  power 
density  of  0.472-1.240  mW/sq  cm  (for  32-microsecond  pulses,  1  pps)  and 
an  energy  density  of  472-1240  microjoules/sq  cm  per  pulse. 

In  another  series  of  experiments,  Guy  et  al.  (1975b)  fitted  cats  with 
a  piezoelectric  transducer  and  inserted  a  nonperturbing  electrode  in  the 
medial  geniculate  nucleus  as  before,  and  also  surgically  exposed  the 
round  window  of  the  cochlea  and  attached  thereto  an  electrode  and  leads, 
both  of  high-resistance  material,  for  recording  the  cochlear  responses 
evoked  by  acoustic  and  RFR  pulses.  The  responses  of  one  cat  to  an 
acoustic  pulse  from  a  loudspeaker  and  a  2.45-GHz  pulse  were  displayed. 
The  curve  obtained  for  stimulation  with  the  loudspeaker  pulse  showed  the 
N1  and  N2  auditory-nerve  response  and  a  cochlear  microphonic  similar  to 
the  pulse-induced  decaying  vibratory  movement  of  the  loudspeaker  cone, 
which  was  determined  with  an  optical  interferometer.  By  contrast,  the 
curve  evoked  by  the  RFR  pulse  showed  the  N1  and  N2  response  only,  and  no 
evidence  of  a  cochlear  microphonic.  However,  the  cochlear  microphonic 
for  another  cat  stimulated  by  speaker  pulse  was  of  much  lower  amplitude 
(relative  to  the  N1  and  N2  response)  and  was  absent  in  the  response  of 
another  cat  stimulated  acoustically  with  the  piezoelectric  transducer. 
Thus,  the  absence  of  an  RFR-induced  cochlear  microphonic  does  not  rule 
out  theories  of  the  RFR-hearing  effect  based  on  transduction  of  RFR  to 
acoustic  energy. 

In  experiments  similar  to  those  of  Taylor  and  Ashleman  (1974),  Guy  et 
al.  (1975b)  also  studied  the  effect  of  cochlea  disablement.  Cats  were 
prepared  surgically  for  recording  evoked  potentials  in  the  eighth 
cranial  nerve,  medial  geniculate  nucleus,  and  primary  auditory  cortex. 
After  establishing  that  appropriate  responses  were  obtained  with  RFR  and 
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acoustic  pulses,  the  cochlea  was  disabled,  which  resulted  in  total  loss 
of  all  evoked  potentials,  even  with  the  highest  available  peak  acoustic 
and  RFR  powers  and  with  computer  averaging  of  larger  numbers  of  signals. 

Guy  et  al.  (1975b)  used  an  interferometer  and  a  laser  source  to  detect 
surface  movements  of  several  lossy  materials  induced  by  absorption  of 
RFR  pulses.  (This  device  was  also  used  to  observe  the  speaker-cone 
movements  noted  above.)  The  results  showed  that  surface  displacement 
amplitude  is  dependent  on  the  dielectric  constant  and  loss  factor  of  the 
material  and  on  its  density  and  elastic  properties.  An  interesting 
result  noted  by  the  authors  was  the  high  amplitude  obtained  in  a  widely 
used  RFR-absorbent  material,  a  finding  ascribed  to  its  relatively  low 
density  and  high  compressibility. 

Chou  et  al.  (1975)  studied  the  induction  of  cochlear  microphonics  (CM) 
in  the  guinea  pig  by  pulses  of  918-MHz  RFR.  For  this  purpose,  they 
placed  a  fine  RFR-transparent  carbon  lead  against  the  round  window  and 
cemented  it  onto  the  bulla.  An  indifferent  electrode  was  fastened  to 
nearby  tissue.  Only  preparations  that  yielded  CM  amplitudes  exceeding 
0.5  mV  in  response  to  70-dB  speaker  clicks  were  used.  The  head  of  the 
guinea  pig  was  placed  within  a  section  of  cylindrical  waveguide  through 
a  hole.  The  section  was  terminated  with  a  sliding  short,  adjusted  to 
yield  maximum  RFR  absorption  in  the  head.  With  this  arrangement,  the 
average  SAE  per  pulse  at  10  kW  peak  input  power  was  1.33  J/kg,  or  about 
an  order  of  magnitude  larger  than  the  levels  used  in  previous  studies. 
The  sound  level  near  the  animal's  head  was  about  65  dB,  mostly  due  to 
the  noise  from  the  pulse  generator. 

Each  guinea  pig  was  exposed  intermittently  for  1 . 5-min  durations  to  1- 
10  microsecond  pulses  of  918-MHz  RFR,  100  pps ,  at  various  levels  of  peak 
power.  The  responses  were  amplified  and  recorded  on  a  magnetic  tape 
system  that  had  a  frequency  response  up  to  80  kHz.  After  3-5  hr,  the 
animal  was  euthanized  and  recording  of  its  response  was  continued  until 
the  physiological  potentials  disappeared  completely.  Recorded  responses 
were  processed  off-line  with  a  Computer  of  Averaged  Transients. 

The  electrical  responses  at  the  round  window  of  a  guinea  pig  stimu¬ 
lated  with  single  acoustic  clicks  showed  that  the  CM  preceded  in  time 
the  N1  and  N2  action  potentials,  and  that  when  the  polarity  of  thj 
electrical  pulses  delivered  to  the  speaker  was  inverted,  only  the  po¬ 
larity  of  the  CM  was  reversed.  Stimulation  of  the  same  animal  with 
single  RFR  pulses  yielded  N1  and  N2  potentials  of  about  the  same  ampli¬ 
tude.  In  addition,  barely  discernible  was  an  "electrical  event"  h  r. ns; 
the  200-raicrosecond  interval  immediately  following  the  recording  art  i 
fact  caused  by  the  RFR  pulse.  Time-expansion  of  this  interval  showed 
this  event  to  be  a  50-kHz  oscillation  of  amplitude  about  50  microvolts, 
which  decayed  within  the  200-microsecond  interval.  This  event,  which 
was  observed  in  five  guinea  pigs,  was  denoted  as  the  RFR-induced  CM 
response . 

Comparison  of  the  CM  responses  to  10-,  5-,  and  1 -mi c rosecond ,  10-kW 

RFR  pulses,  which  corresponded  to  SAEs  of  1.33,  0.67,  and  0.133  J/kg  per 


pulse,  showed  that  the  CM  frequency  remained  the  same  but  the  amplitude 
dropped  with  decreasing  pulse  duration  and  SAE.  Also  evident  was  that 
the  stimulus  artifact  masked  the  onset  of  the  CM  in  each  case,  but  that 
the  latency  for  successive  oscillations  was  about  the  same  for  the  three 
pulse  widths.  These  results  support  the  conclusions  that  the  CMs  are 
physiological  responses  time-locked  to  the  onset  of  the  RFR  pulses  and 
are  generated  within  the  cochlea,  specifically  by  hair-cell  activation. 

With  death  of  an  animal,  the  N1  and  N2  responses  to  acoustic  and  RFR 
pulses  disappeared,  but  the  RFR-induced  CM  persisted  for  many  minutes 
after  the  N1  and  N2  responses  had  gone.  The  stimulus  artifact  remained 
after  the  CM  had  disappeared,  indicating  that  the  50-kHz  signal  is  a 
genuine  physiological  response. 

The  threshold  SAE  for  producing  the  RFR-hearing  effect  in  the  guinea- 
pig  head  was  20  mJ/kg,  about  the  same  order  of  magnitude  as  for  the  cat 

head  (10-16  mJ/kg)  and  the  human  head  (16  mJ/kg).  The  authors  surmised 

that  previous  failures  to  observe  RFR-induced  CMs  in  animals  may  have 
been  due  to  use  of  SAEs  below  the  threshold,  masking  by  stimulus  arti¬ 
fact,  or  use  of  amplifiers  with  pass  bands  that  did  not  include  50  kHz. 

The  authors  noted  that  guinea  pigs  can  respond  to  tones  up  to  100  kHz, 
and  suggested  that  the  50-kHz  CM  may  be  related  to  the  size  of  the  ani¬ 
mal's  skull.  Based  on  this  premise,  the  CM  frequency  would  be  within 

the  range  15-50  kHz  for  cats  and  5-18  kHz  for  humans. 

Guy  et  al .  (1975b)  and  Lin  (1976a, b;  1977a, b,c)  analyzed  the  postu¬ 
lated  mechanisms  for  the  conversion  of  RFR  energy  to  acoustic  energy  in 
lossy  dielectric  materials.  They  concluded  that  pulsed-RFR- induced 
thermal  expansion  forces,  which  are  proportional  to  the  square  of  the 
peak  electric  field,  are  much  larger  than  the  radiation  pressure  or  the 
e lec t ros t r ic t  ion  produced  by  the  same  RFR  pulses  and  can  generate  in  the 
head  acoustic  waves  of  the  requisite  magnitude  for  the  hearing  effect. 

In  Lin  (1977c),  equations  developed  for  a  spherical  model  of  the  head 
consisting  of  brain-equivalent  material  were  used  to  obtain  the  acoustic 
resonant  frequencies  generated  in  the  heads  of  guinea  pigs,  cats,  and 
human  adults  and  infants  by  exposure  to  RFR  pulses.  The  results  showed 
that  the  (fundamental  and  higher-harmonic)  frequencies  produced  by  RFR 
pulses  are  independent  of  the  carrier  frequency,  but  are  dependent  on 
head  size,  and  specifically  that  the  fundamental  frequency  is  inversely 
proportional  to  the  radius  of  the  head. 

Predicted  from  the  equations  was  a  fundamental  frequency  of  45  kHz  for 
a  2-crn  (guinea-pig)  head,  which  was  close  to  the  50-kHz  experimental 
value  found  by  Chou  et  al.  (1975).  For  a  3-cra  head,  the  predicted 
fundamental  was  30  kHz,  as  compared  with  38  kHz  found  experimentally  for 
a  typical  cat.  For  humans,  the  predicted  fundamental  frequencies  were 
13  kHz  for  an  adult  and  18  kHz  for  an  infant. 

Chou  et  al.  (1977),  using  the  method  described  in  Chou  et  al.  (1975), 
recorded  CMs  from  the  round  windows  of  guinea  pigs  and  cats  of  various 


sizes  induced  by  exposure  to  10-microsecond  pulses  of  918-MHz  and  2.45- 
GHz  RFR.  Exposures  were  done  with  horn  applicators  and  the  cylindrical 
waveguide  system  described  above.  In  the  guinea  pigs,  the  CM  frequency 
varied  inversely  with  body  mass;  in  the  cats,  however,  there  was  no 
consistent  variation  of  CM  frequency  with  body  mass.  The  authors  noted 
that  although  head  mass,  skull  mass,  skull  dimensions,  skull  thickness, 
and  cerebellar-cavity  dimensions  all  increase  with  body  mass,  the  brain 
cavity  and  bulla  dimensions  increase  only  slightly.  They  found  that  CM 
frequency  correlates  well  with  the  length  of  the  brain  cavity  but  not 
with  the  other  dimensions  of  the  head  or  skull.  The  average  threshold 
energies  per  pulse  for  CM  responses  were  10  mJ/kg  for  adult  cats,  2.5 
for  kittens,  and  7.5  for  adult  guinea  pigs. 

Cain  and  Rissman  (1978)  used  3.0-GHz  RFR  pulses  to  study  the  auditory 
effect  in  two  cats,  two  chinchillas,  one  beagle,  and  eight  human  volun¬ 
teers.  For  the  animals,  surface  or  brainstem- implanted  electrodes  were 
used  to  measure  the  responses  evoked  by  audio  clicks  from  a  speaker  and 
the  responses  to  5-,  10-,  and  15-microsecond  pulses. 

The  threshold  peak  power  densities  were  2.2  W/sq  cm  for  5-microsecond 
pulses,  1.3  W/sq  cm  for  10-microsecond  pulses,  and  0.58  W/sq  cm  for  15- 
microsecond  pulses  for  one  cat,  and  respectively  2.8,  1.3,  and  0.58  W/kg 
for  the  other  cat.  The  corresponding  threshold  peak  power  densities  for 
the  beagle  were  1.8,  0.30,  and  0.20  W/sq  cm.  The  values  were  2.8,  2.0, 
and  0.58  W/sq  cm  for  one  chinchilla  and  2.2,  1.0,  and  0.50  W/sq  cm  for 
the  other.  Thus,  for  corresponding  pulse  durations,  the  beagle  had  the 
lowest  thresholds  and  the  lowest  absolute  threshold  (irrespective  of 
pulse  duration). 

The  authors  found  that  depending  on  pulse  width,  the  range  of  thresh¬ 
old  energy  density  for  RFR  perception  was  8.7-14  microj oules/sq  cm  per 
pulse  for  the  cats  and  7.5-20  microj oules/sq  cm  for  the  chinchillas,  and 
that  the  threshold  averaged  5.0  microj oules/sq  cm  for  the  beagle.  For 
10-microsecond  pulses,  the  threshold  pulse  power  densities  were  1.3  W/sq 
cm  for  both  cats,  1  and  2  W/sq  cm  for  the  two  chinchillas,  and  300  mW/sq 
cm  for  the  beagle. 

The  eight  humans  were  given  standard  audiograms  for  both  air-conducted 
and  bone-conducted  sound.  In  addition,  because  audiograms  do  not  test 
hearing  above  8  kHz,  binaural  hearing  thresholds  were  determined  for 
seven  of  the  subjects  for  tone  frequencies  in  the  range  1-20  kHz.  The 
RFR  pulses  were  presented  at  0.5  pps.  Each  subject  wore  foam  ear  muffs 
during  exposure,  to  reduce  the  ambient  noise  level,  which  was  45  dB. 

Subjects  1-5  could  hear  15-raicrosecond  pulses  as  clicks;  their  peak 
power  density  thresholds  were  respectively  300,  300,  300,  600,  and  1000 
mW/sq  cm,  and  their  energy  density  thresholds  were  4.5,  4.5,  4.5,  9.0, 
and  15.0  microj oules/sq  cm.  Subjects  1-5  could  also  hear  10-microsecond 
pulses,  with  peak  power  density  thresholds  of  1800,  225,  600,  2000,  and 
2000  mW/sq  cm,  respectively,  and  energy  density  thresholds  of  18.0,  2.3, 
6.0,  20.0,  and  20.0  microj oules/sq  cm.  Subject  1  was  the  only  one  able 
to  perceive  5-microsecond  pulses,  with  a  threshold  peak  power  dsnsity 
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and  energy  density  of  2500  raW/sq  cm  and  12.5  microj oules/sq  cm.  The 
other  three  subjects,  6-8,  could  not  hear  these  pulses  at  the  highest 
available  peak  power  density  but  could  perceive  20-microsecond  pulses. 

The  authors  found  no  correlation  between  the  results  and  the  standard 
audiograms.  However,  they  did  note  that  a  strong  correlation  existed 
between  RFR  perception  and  hearing  ability  above  8  kHz  as  determined 
from  the  binaural  thresholds.  They  also  stated  that  their  results  are 
consistent  with  the  hypothesis  that  an  induced  pressure  wave  in  the 
human  head  in  response  to  short  RFR  pulses  (less  than  20  microseconds) 
contains  a  significant  portion  of  its  energy  at  frequencies  above  8  kHz. 

In  summary  of  these  results  with  humans,  only  subjects  1-3  were  able 
to  perceive  15-microsecond  pulses  at  a  pulse-power-density  threshold  as 
low  as  300  raW/sq  cm  ( energy-dens ity-threshold  of  4.5  microj oules/sq  cm); 
of  this  group,  only  subject  2  could  hear  10-microsecond  pulses,  with  225 
mW/sq  cm  (2.3  microj oules/sq  cm)  as  the  threshold;  the  thresholds  for 
the  other  subjects  were  much  higher  than  300  mW/sq  cm.  The  latter  value 
of  pulse  power  density  can  be  taken  as  the  nominal  human  threshold  for 
the  RFR  hearing  effect  (e.g.,  for  environmental  assessments).  It  should 
be  noted  that  the  thresholds  cited  were  for  an  ambient  noise  level  of  45 
dB  and  could  be  higher  in  noisier  environments.  It  is  also  noteworthy 
that  these  investigators  exposed  the  human  volunteers  to  pulse  power 
densities  as  high  as  2,000  raW/sq  cm  without  apparent  ill  effects. 

Lebovitz  and  Seaman  (1977)  studied  the  responses  in  single  auditory 
units  of  cats  to  acoustic  clicks  and  pulses  of  915-MHz  RFR.  For  this 
purpose,  the  posterolateral  aspect  of  the  cerebellum  was  removed  and  a 
recording  micropipette  was  inserted  into  the  proximal  portion  of  the 
eighth  nerve.  Acoustic  clicks  ranging  from  25  to  200  microseconds  in 
duration,  but  typically  70  microseconds,  were  presented  to  one  ear  at  10 
clicks  per  second,  with  the  contralateral  ear  stoppled.  The  durations 
of  the  RFR  pulses  were  in  the  same  range,  the  repetition  rates  were  10 
pps  or  less,  and  the  pulses  were  delivered  at  forward  peak  powers  of  up 
to  70  W  with  an  applicator,  yielding  average  power  densities  that  never 
exceeded  1  mW/sq  cm. 

Medullary  SARs  were  determined  by  euthanizing  the  cats  after  complet¬ 
ing  several  experiments,  letting  the  medullary  temperature  fall  to 
about  30  deg  C,  exposing  the  heads  of  the  cats  to  an  appropriate  level 
of  CW  RFR  for  periods  of  up  to  80  seconds,  inserting  a  thermistor  into 
the  medulla  immediately  before  and  after  exposure,  deriving  the  cooling 
curves,  and  using  them  to  determine  the  linear  relationship  of  tempera¬ 
ture  rise  to  exposure  duration.  From  the  slope  of  this  line,  0.011  deg 
per  second,  and  the  effective  forward  power,  48.6  W,  the  normalized  SAR 
was  0.94  W/kg  per  mW/sq  cm.  The  energy  absorbed  per  pulse  was  then  cal¬ 
culated  from  the  SAR  and  the  peak  power  and  duration. 

Of  133  auditory  units  studied,  63  were  responsive  to  both  stimuli,  and 
additional  dose  responses  were  obtained  for  the  latter  units  as  long  as 
each  showed  stable  responses.  The  apparent  absence  of  response  of  70 
units  to  RFR  was  ascribed  to  the  limited  range  of  intensities  available, 


about  10  dB  as  compared  with  50-80  dB  for  the  acoustic  clicks.  For  a 
typical  single  auditory  unit  that  did  respond  to  RFR,  the  response  was 
very  similar  to  its  response  to  acoustic  clicks,  differing  primarily 
only  in  amplitude.  The  lowest  RFR-energy-absorpt ion  threshold  for  a 
single  unit  was  4  nvJ/kg.  The  latency  interval  between  stimulation  and 
response  increased  with  decreasing  acoustic  or  RFR  stimulus  intensity. 
The  smallest  latencies  observed  were  1.5-2  ms,  with  values  up  to  5  ms 
for  near-threshold  intensities. 

The  authors  noted  that  the  characteristic  frequency  (CF)  of  a  unit  is 
the  frequency  at  which  its  response  threshold  is  lowest  and  that  the  CF 
is  determined  by  the  mechanical  properties  of  that  part  of  the  basilar 
membrane  to  which  the  cell  is  most  directly  related.  Therefore,  for 
responses  to  a  click  that  show  multiple  peaks,  the  interpeak  interval 
(i.e.,  the  period  between  the  first  and  second  peaks)  is  about  the  same 
as  the  oscillation  period  of  the  basilar  membrane  and  the  former  is  a 
measure  of  the  latter.  The  results  showed  high  correlation  between  unit 
CFs  for  acoustic  and  RFR  stimuli,  an  indication  that  the  same  mechanical 
factors  within  the  cochlea  are  involved. 

Chou  and  Galambos  (1979)  investigated  the  effects  in  10  guinea  pigs  of 
external-ear  blocking,  middle-ear  damping,  and  middle-ear  destruction  on 
brainstem-evoked  responses  (BERs)  to  both  acoustic  and  RFR  stimuli.  The 
basic  measurement  technique  was  to  record  the  amplitudes  and  latencies 
of  the  BERs  to  acoustic  stimuli  and  RFR  with  a  pair  of  carbon-loaded 
Teflon  electrodes  (Chou  and  Guy,  1979a),  one  of  which  was  attached  to 
the  left  mastoid  process  and  the  other  to  the  skin. 

The  head  of  each  guinea  pig  was  exposed  to  10-microsecond  pulses  of 
918-MHz  RFR  at  30  pps  in  a  cylindrical  waveguide  system  (Chou  et  al., 
1975)  at  energies  ranging  from  0.027  to  11.05  J/kg  per  pulse.  All  10 
animals  were  exposed  to  0.1-ms  acoustical  pulses  at  30  pps  from  a  piezo¬ 
electric  tweeter  placed  15  cm  from  the  nose  (air  conduction).  For  three 
animals,  comparisons  were  also  made  between  BERs  to  airborne  and  bone- 
conducted  acoustic  stimuli,  using  a  piezoelectric  transducer  in  contact 
with  the  frontal  bone  for  the  latter. 

BERs  were  recorded  after  each  of  the  following  successive  treatments: 
(1)  blocking  of  the  left  external  meatus  with  mineral-oil-soaked  cotton 
balls,  (2)  alteration  of  the  mechanical  damping  of  the  ossicular  chain 
by  filling  the  bulla  with  mineral  oil,  (3)  destruction  of  the  middle  ear 
by  cutting  the  ossicular  chain  and  piercing  the  tympanic  membrane,  and 
(4)  destruction  of  the  cochlea  by  piercing  the  round  window. 

Treatments  1  and  2  reduced  the  airborne  acoustically-stimulated  BERs 
but  not  the  RFR-induced  BERs.  Treatment  3  further  reduced  the  airborne 
acoustic  BERs,  and  also  reduced  the  bone-conducted  acoustic  BERs  and  the 
RFR  BERS  to  a  lesser  extent  than  the  airborne  acoustic  BERs.  After 
treatment  4  (cochlea  destruction),  no  BERs  were  obtained  from  either 
acoustic  or  RFR  stimuli. 

These  results  constitute  strong  evidence  that  activation  of  the  coch- 


lea  is  necessary  for  auditory  perception  of  pulsed  RFR.  The  similar 
BERs  obtained  from  bone-conducted-acoustic  and  RFR  stimuli  after 
destruction  of  the  middle  ear  and  the  much  lower  BERs  obtained  for 
airborne-acoustic  stimuli  support  the  hypothesis  that  perception  is  due 
to  transduction  of  RFR  into  acoustic  waves  that  travel  via  bone  con¬ 
duction  to  the  cochlea  or  are  generated  directly  in  the  cochlea  itself. 

Chou  and  Guy  (1979b)  performed  similar  experiments  with  BERs  induced 
in  guinea  pigs,  to  determine  the  RFR  thresholds  for  BERs.  The  input- 
power  thresholds  for  BERs  induced  by  918-MHz  RFR  were  determined  for 
pulse  widths  of  10  to  500  microseconds,  and  the  values  were  divided  by 
the  cross-sectional  area  of  the  cylindrical  waveguide  (about  320  sq  cm) 
to  obtain  the  corresponding  threshold  peak  incident  power  densities. 

Also  derived  was  the  incident  energy  density  per  pulse  for  each  pulse 
width,  and  the  pulse  repetition  frequency  (30  pps)  was  used  to  calculate 
the  incident  average  power  density.  Lastly,  the  threshold  SAE  per  pulse 
was  obtained  from  the  incident  energy  density  per  pulse  by  dividing  the 
latter  by  the  mass  of  the  animal's  head. 

The  authors  found  that  the  threshold  energy  density  for  evoking  BERs 
was  essentially  constant  (1.56-1.87  microj oules/sq  cm  per  pulse)  for 
pulse  durations  of  10,  20,  and  30  microseconds.  The  threshold  SAE  was  5 
mJ/kg  per  pulse  and  the  corresponding  incident  peak  power  densities  were 
156,  78,  and  62.4  mW/sq  cm,  respectively.  For  pulse  durations  longer 
than  30  microseconds,  however,  the  threshold  SAE  increased  with  pulse 
duration,  and  for  pulses  longer  than  70  microseconds,  the  threshold  peak 
power  density  for  evoking  BERs  was  essentially  constant  (90  mW/sq  cm), 
with  corresponding  pulse-width  related  increases  of  energy  density  per 
pulse . 

The  waveforms  of  the  RFR  and  acoustic  BERs  were  found  to  be  similar 
except  for  the  longer  latency  of  the  latter  (due  to  the  longer  sound- 
propagation  path).  Despite  the  large  differences  in  pulse  width,  the 
latencies  of  the  RFR-induced  BERs  were  about  the  same,  indicating  that 
the  evoked  response  is  time- locked  to  the  onset  of  the  RFR  pulse.  Chou 
and  Guy  indicated  that  their  experimental  results  agreed  well  with  the 
predictions  of  the  thermal  expansion  theory. 

In  a  subsequent  study,  Chou  et  al.  (1985a)  exposed  anesthetized  rats 
to  2.45-GHz  RFR  pulses  within  a  circularly  polarized  waveguide  (Guy  et 
al.,  1979)  in  three  orientations:  (1)  body  along  the  waveguide  axis  and 
head  toward  the  source,  (2)  body  across  the  waveguide,  and  (3)  body 
along  the  waveguide  axis  and  head  away  from  the  source.  The  BERs  were 
recorded  with  c arbon- 1 oaded  Teflon  electrodes,  one  at  the  vertex  of  the 
rat's  head  and  another  at  either  the  left  or  right  mastoid  process 
( behind  the  pinna)  . 

In  one  experiment,  exposures  were  to  pulses  10,  5,  2,  and  1  micro¬ 
seconds  in  duration  at  10  pps  and  a  fixed  peak  power  of  4  kW  (spatially 
averaged  peak  power  density  of  12.3  W/sq  cm)  in  the  first  orientation. 
The  corresponding  energy  densities  were  123.4,  61.7,  24.7,  and  12.3 
microj oules/sq  cm.  Representative  BERs  from  one  rat  showed  amplitudes 
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that  decreased  with  decreasing  pulse  duration  or  energy  density.  The 
responses  were  similar  to  those  obtained  from  guinea  pigs  by  Chou  and 
Galambos  (1979),  but  the  latency  of  the  peak  BER  was  shorter  in  rats. 

In  another  experiment,  rats  were  exposed  to  RFR  in  each  orientation, 
and  the  largest  responses  were  obtained  in  the  first  orientation.  In 
this  experiment,  exposures  were  to  pulses  of  1,  2,  5,  and  10  micro¬ 
seconds  at  10  pps  and  different  peak  powers,  to  yield  various  energy 
densities.  The  BER  amplitudes  at  the  four  pulse  durations  and  constant 
energy  density  were  about  the  same,  indicating  that  the  response  is  de¬ 
pendent  on  energy  per  pulse  and  not  on  pulse  duration.  The  threshold 
energy  density  (in  the  first  orientation)  was  1.5  to  3  microj oules/sq  cm 
per  pulse.  Based  on  calorimetric  data,  the  whole-body  SAE  was  in  the 
range  0.9-1. 8  raJ/kg.  The  corresponding  peak  power  densities  for  the 
four  pulse  durations  were  in  the  ranges  1.5-3,  0.75-1.5,  0.3-0. 6,  and 
0.15-0.30  W/sq  cm.  respectively.  The  authors  noted  that  these  peak 
power  densities  were  for  exposure  in  the  circularly  polarized  waveguide 
and  that  free-space  exposure  would  require  about  threefold  higher 
values . 

Lin  et  al.  (1979b)  studied  BERs  induced  in  cats  by  acoustic  and  RFR 
pulses  and  the  alterations  of  the  BERs  by  the  successive  coagulative 
formation  of  lesions  in  several  brainstem  regions.  Under  anesthesia, 
the  dorsal  aspect  of  the  skull  of  each  cat  was  surgically  exposed  and 
several  stainless-steel  electrodes  (100-250  microns  in  diameter)  were 
advanced  stereotaxically  into  the  selected  brainstem  nuclei  to  locations 
that  yielded  maximal  evoked  potentials.  In  addition,  a  stainless-steel 
screw  electrode  was  fastened  to  the  skull  at  the  vertex  and  a  reference 
gold-pin  electrode  was  placed  near  the  lowest  part  of  the  right  pinna. 

Acoustic  pulses  about  70  dB  above  threshold  sound  level,  generated  by 
feeding  currents  0.1  ms  in  duration  into  a  pair  of  commercial  earphones, 
were  presented  binaurally  at  10  to  100  pps.  Pulses  of  2.45-GHz  RFR,  0.5 
to  25  microseconds  wide  and  up  to  10  kW  peak,  were  delivered  at  10-100 
pps  to  the  dorsal  or  frontal  surface  of  the  head  with  a  small-diameter 
(15-mm),  dielectrically  loaded,  direct-contact,  diathermy  applicator. 

The  bioelectric  activities  at  the  vertex  and  at  each  brainstem  location 
were  fed  through  amplifiers  having  a  passband  of  80  Hz  to  10  kHz  and 
were  summed  with  a  signal-averaging  computer.  The  first  10  ms  of 
averaged  responses  were  displayed  on  a  video  monitor  and  photographed. 

Brainstem  lesions  were  produced  in  succession  at  the  tips  of  elec¬ 
trodes  inserted  in  the  inferior  colliculus  nucleus,  lateral  lemniscus, 
and  superior  olivary  nucleus.  The  BERs  were  recorded  after  each  lesion 
and  compared  with  the  pre-lesion  BERs,  as  were  microwave-evoked  poten¬ 
tials  (MEPs)  and  acoustically-evoked  potentials  (AEPs)  recorded  by  the 
vertex  electrode.  At  the  end  of  each  experiment,  each  cat  was  euthan¬ 
ized  and  its  brain  was  fixed,  removed,  embedded  in  paraffin,  and  sec¬ 
tioned  to  ascertain  the  exact  locations  of  the  lesions  and  electrode 
tracks . 

For  each  brainstem  region,  the  pre-lesion  RFR-induced  BER  was  similar 
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to  the  acoustic  BER,  but  with  no  significant  propagation  delay  for  the 
RFR-induced  BER  relative  to  the  stimulus  pulses.  The  vertex  MEPs  showed 
four  successive  cycles,  designated  sequentially  as  Waves  I,  II,  III,  and 
IV.  Of  these,  Wave  III  was  often  the  largest  and  Wave  IV  the  smallest. 
The  sources  of  the  waves  (as  well  as  for  the  AEPs)  were  thought  by  the 
authors  to  be  the  volume-conducted  action  potentials  generated  in  the 
cochlea  and  auditory  brainstem  nuclei. 

To  determine  the  effects  on  the  MEPs  of  changing  the  pulse  repetition 
rate  (PRR),  10-microsecond  RFR  pulses  at  5  kW  were  applied  sequentially 
at  PRRs  of  10,  25,  50,  and  100  pps  and  then  in  reverse  order.  Minimal 
or  no  changes  in  latency  were  evident,  but  the  amplitudes  of  the  MEP 
waves  were  found  to  decrease  with  increasing  PRR,  a  reversible  effect. 

Next,  10-microsecond  pulses  with  peak  powers  of  10  to  2  kW  were 
applied  at  10  pps.  Again,  any  changes  in  latency  of  the  MEPs  were 
minimal.  The  amplitudes  of  the  MEPs  decreased  with  decreasing  peak 
power,  but  not  in  the  same  proportion  for  each  wave.  In  the  example 
presented  (for  one  cat),  the  amplitude  of  Wave  I  at  10  kW  was  larger 
than  of  Wave  II,  but  decreased  faster  with  decreasing  power  than  for 
Wave  II,  so  the  Wave-II  amplitude  at  4  kW  was  larger  than  that  of  Wave 
I,  also  a  reversible  effect. 

The  effects  of  pulse-duration  changes  on  the  MEPs  were  determined  with 
5-kW  pulses  of  widths  2.5  to  25  microseconds  at  10  pps.  Once  more,  the 
latency  changes  were  minimal.  However,  wave  amplitudes  increased  with 
increasing  pulse  durations  to  a  plateau  for  about  10-microsecond  and 
longer  pulses,  and  the  temporal  relationships  among  all  of  the  waves 
were  not  altered. 

Using  25-microsecond,  10-kW  pulses  at  10  pps,  the  effects  of  the 
lesions  formed  successively  in  the  inferior  colliculus,  lateral 
lemniscus,  and  superior  olive  on  the  BER  recorded  by  the  electrode  in 
each  region  were  compared  with  the  pre-lesion  BER  from  that  electrode. 
Also  compared  were  the  pre-  and  post-lesion  MEPs  recorded  by  the  vertex 
electrode.  The  results  for  one  cat  were  presented. 

Each  successive  lesion  yielded  decreases  in  the  BER  amplitudes  from 
all  regions.  The  most  pronounced  effect  was  on  the  BER  from  the  infe¬ 
rior  colliculus  nucleus  following  lesion  formation  in  that  region;  the 
BERs  from  the  other  two  brainstem  regions  and  the  MEP  remained  practi¬ 
cally  unchanged  after  producing  a  lesion  in  the  inferior  colliculus 
nucleus.  Similarly,  the  lesion  in  the  lateral  lemniscus  yielded  the 
largest  effect  on  the  BER  recorded  by  the  electrode  in  that  region,  with 
minor  changes  in  the  BERs  from  the  other  auditory  structures  except  for 
the  inferior  colliculus.  The  BER  amplitudes  from  the  superior  olive 
were  less  affected  by  the  lesions  in  the  inferior  colliculus  and  the 
lateral  lemniscus,  reflecting  the  distal  location  of  the  superior  olive 
in  the  auditory  pathway,  but  its  BER  amplitude  was  drastically  reduced 
by  the  lesion  in  its  nucleus.  The  amplitudes  of  the  vertex  MEPs  were 
altered  after  each  successive  lesion,  indicating  that  they  were  a  func¬ 
tion  of  the  integrity  of  brainstem  nuclei  along  the  auditory  pathway. 
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Tyazhelov  et  al.  (1979)  studied  the  qualities  of  the  apparent  sounds 
perceived  by  humans  from  exposure  to  800-MHz  pulsed  RFR.  The  parietal 
area  of  the  head  was  exposed  to  the  open  end  of  a  waveguide  fed  from  a 
500-W  source.  The  ambient  noise  level  did  not  exceed  40  dB  and  was 
reduced  by  plugging  the  subjects'  ears  with  stoppels  or  sound-conducting 
tubes.  The  pulse  durations  used  ranged  from  5  to  150  microseconds.  The 
pulses  were  presented  either  continuously  at  50  to  2000  pps  (the  latter 
for  short  pulse  durations,  to  limit  the  average  power  density)  or  in 
trains  of  duration  0.1  to  0.5  seconds  at  rates  of  0.2  to  2.0  trains  per 
second.  Each  subject  could  be  presented  with  sinusoidal  audiofrequency 
(AF)  sound  waves  independently  of,  or  concurrently  with,  the  pulsed  RFR 
and  could  adjust  the  amplitude,  frequency,  and  phase  of  the  AF  signal  to 
match  the  timbre  and  loudness  of  the  perceived  RFR.  Acoustic  signals 
were  presented  to  the  subject  by  means  of  a  pair  of  small  hollow  tubes 
extending  from  a  speaker  to  the  ears. 

The  high-frequency  auditory  limit  (HFAL)  of  each  subject  for  sinusoid¬ 
al  tones  from  1  kHz  upward  was  tested  first.  Three  of  the  subjects  had 
HFALs  below  10  kHz  and  could  not  perceive  10-30  microsecond  RFR  pulses, 
results  consonant  with  those  of  Cain  and  Rissman  (1978).  Of  15  subjects 
with  HFALs  above  10  kHz,  only  one  could  not  perceive  the  RFR  pulses. 

All  of  the  perceptive  subjects  reported  that  10-30  microsecond  pulses 
delivered  at  1000  to  12,000  pps  at  peak  power  densities  exceeding  500 
mW/sq  cm  produced  sound  of  polytonal  character  that  seemed  to  originate 
in  the  head,  and  that  the  quality  of  the  sound  changed  with  increasing 
pulse  repetition  rate  (PRR)  in  a  complex  manner.  Loudness  diminished 
sharply  and  became  more  raonotonal  as  the  PRR  was  increased  from  6000  to 
8000  pps.  However,  no  more  than  three  distinguishable  tonal  transitions 
occurred.  Subjects  with  HFALs  below  15  kHz  were  unable  to  distinguish 
between  the  sounds  perceived  from  a  5000-pps  and  a  10,000-pps  signal, 
and  subjects  with  more  extended  HFALs  reported  that  the  pitch  for  a 
5000-pps  signal  was  higher  than  for  a  10,000-pps  signal. 

The  subjects  were  able  to  detect  small  (5%)  shifts  of  PRR  only  in  the 
8000-pps  region;  at  lower  PRRs,  the  subjects  erred  on  100%  of  tests  to 
detect  the  direction  of  PRR  change,  indicating  that  increases  of  PRR 
were  often  perceived  as  decreases  in  frequency.  For  pulses  of  constant 
peak  amplitude,  loudness  was  perceived  to  increase  with  duration  from  5 
to  50  microseconds,  decrease  from  70  to  100  microseconds,  and  increase 
again  for  100  microseconds  and  upward.  Such  perceptual  patterns  were 
exemplified  by  plots  of  threshold  pulse  power  (normalized  to  the  10-kHz 
PRR  threshold)  vs  PRR  for  a  subject  with  a  14-kHz  HFAL  and  for  another 
subject  with  a  17-kHz  HFAL.  These  curves  were  roughly  W-shaped,  with 
central  relative  maxima  at  about  8  kHz.  A  plot  of  mean  threshold  pulse 
power  (normalized  to  the  threshold  at  50-microsecond  pulse  duration)  was 
also  presented  for  subjects  unable  to  perceive  sounds  for  pulses  longer 
than  50  microseconds.  This  curve  was  also  W-shaped,  with  a  central 
relative  maximum  within  the  pulse  range  100-120  microseconds. 

After  subjects  matched  the  pitch  and  timbre  of  a  2-kHz  acoustic  tone 
to  the  perceived  sound  of  a  train  of  RFR  pulses  at  2000  pps,  they  were 
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asked  to  match  the  loudness  of  the  acoustic  tone  with  the  loudness  of 
the  perceived  pulses  as  the  pulse  duration  was  varied  between  5  and  150 
microseconds  while  the  peak  power  was  held  constant.  No  actual  data 
were  given.  Instead,  the  relationship  between  the  ratio  of  acoustic 
signal  amplitude  to  the  pulse  power  for  the  subjects  (both  quantities 
normalized  to  their  respective  thresholds)  were  merged  into  a  shaded 
area  bounded  by  two  straight  lines  through  the  origin  on  a  graph  that 
also  displayed  a  straight  line  through  the  origin  stated  by  the  authors 
to  represent  the  theoretical  relationship  between  these  quantities  as 
predicted  from  the  therraoelast ic  model.  The  entire  shaded  area  was 
above  the  theoretical  line,  i.e.,  the  ratios  of  acoustic  amplitude  to 
pulse  power  for  all  of  these  subjects  were  reported  to  be  larger  than 
predicted . 

When  acoustic  tones  above  8  kHz  were  presented  concurrently  with  10- 
to  30-microsecond  pulses  at  PRRs  slightly  above  or  below  8  kHz,  the 
subjects  reported  hearing  beat-frequency  notes.  Also,  for  a  PRR  of  800 
pps,  similar  beat  frequencies  were  perceived  when  the  acoustic  frequency 
was  set  slightly  above  or  below  harmonics  of  the  PRR.  Moreover,  when 
the  tone  and  PRR  frequencies  were  matched  and  the  subjects  were  allowed 
to  vary  the  phase  of  the  acoustic  tone,  cancellation  of  perception  of 
the  two  stimuli  could  be  achieved.  By  proper  phasing,  subjects  with 
HFALs  below  15  kHz  could  also  obtain  cancellation  between  a  10-kHz 
acoustic  signal  and  a  5-kHz  train  of  pulses. 

The  authors  also  reported  that  the  sensory  characteristics  (pitch  and 
timbre)  evoked  by  RFR  pulses  less  than  50  microseconds  in  duration  per¬ 
sisted  when  subjects'  heads  were  lowered  into  seawater,  with  loudness 
diminishing  roughly  in  proportion  to  immersion  depth  and  vanishing  en¬ 
tirely  with  total  immersion.  For  pulses  longer  than  50  microseconds, 
even  partial  immersion  resulted  in  loss  of  perception. 

In  their  discussion,  the  authors  suggested  that  many  of  their  results 
are  consistent  with  the  thermoelastic  hypothesis,  but  that  others,  such 
as  the  suppression  of  the  perception  of  a  5000-pps  train  of  RFR  pulses 
by  a  10-kHz  acoustic  tone,  are  at  variance  with  that  model. 

Frey  and  Coren  (1979)  endeavored  to  detect  surface  movements  purport¬ 
edly  induced  in  heads  of  animals  by  RFR  pulses,  using  dynamic  time- 
averaged  interferometric  holography.  In  this  technique,  a  hologram  of 
an  object  in  vibratory  motion  is  recorded  for  a  long  interval  relative 
to  one  period  of  the  vibration.  Such  a  hologram  will  contain  data  on 
the  spatial  distribution  of  the  time-averaged  amplitude  of  motion  of  the 
object.  Thus,  nodal  regions  will  appear  brightest  and  antinodal  regions 
appear  darkest,  with  regions  of  intermediate  intensity  inversely  related 
to  their  surface  displacement. 

Each  animal  studied  was  euthanized,  placed  with  its  abdomen  on  the 
surface  of  a  vibrat ional ly- isol ated  block  of  commercial  RFR-absorbent 
material  (or  concrete  in  some  tests),  and  exposed  to  RFR  from  above  with 
a  horn  as  soon  as  there  was  no  detectable  heartbeat  or  respiration.  A 
set  of  30  holograms  was  made  for  each  animal,  15  each  during  alternating 
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RFR-  and  sham-exposures.  First,  holograms  during  three  RFR-  and  three 
sham-exposures  were  made  after  removing  the  hair  from  the  dorsal  surface 
of  the  head  and  the  vicinity  of  the  left  pinna.  Next,  the  skin  over 
those  areas  was  removed  and  six  holograms  of  the  musculature  revealed 
thereby  were  made.  Then,  the  muscle  tissue  was  removed  from  the  dorsal 
surface  and  mastoid  area  and  six  holograms  were  made  of  the  skull.  Six 
more  holograms  were  made  of  the  brain  after  removing  the  dorsal  surface 
of  the  skull.  The  last  six  holograms  were  made  of  the  base  of  the  skull 
cavity  (dorsal  surface  of  a  bulla)  after  removing  the  brain. 

In  the  first  of  two  experiments,  10  Sprague-Dawley  rats  were  exposed 
to  25-microsecond  pulses  of  1.275-GHz  RFR  at  a  peak  power  density  of  1.7 
W/sq  cm  and  a  PRR  of  50  pps.  An  additional  set  of  holograms  was  made  at 
100  pps  for  five  of  the  rats.  In  the  second  experiment,  16  adult  guinea 
pigs  were  used.  Of  these,  eight  were  exposed  to  1.1-GHz  pulses  in  a 
2x2x2  factorial  design  with  peak  power  densities  1.25  and  8.5  W/sq  cm, 
pulse  durations  10  and  20  microseconds,  and  PRRs  25  and  50  pps.  The 
other  eight  were  exposed  to  1.2-GHz  pulses  in  the  same  design.  The 
holograms  for  three  of  the  guinea  pigs  exposed  at  8.5  W/sq  cm  showed 
that  movement  was  engendered  in  the  RFR  absorber  supporting  the  animals 
by  the  RFR  pulses,  so  the  support  was  replaced  with  a  cement  block. 

The  authors  indicated  that  they  could  not  detect  any  differences 
between  the  holograms  obtained  from  each  animal  during  RFR  exposure  and 
the  holograms  from  the  same  surfaces  of  the  same  animal  taken  during 
sham  exposure.  (The  comparisons  were  made  on  a  coded  and  blind  basis.) 
They  concluded  therefrom  that  the  hypothesis  of  RFR  transduction  into 
elastic  waves  in  the  head  and  propagation  of  the  sound  to  the  cochlea  by 
bone  conduction,  predicted  by  other  investigators,  is  untenable.  In¬ 
stead,  they  suggested  that  the  transduction  site  is  more  likely  to  be  in 
the  cochlea  itself  rather  than  elsewhere  in  the  head. 


The  authors  did  not  provide  specific  information  about  the  appearances 
of  the  holograms  or  the  differences  sought  between  holograms  of  RFR-  and 
sham-exposed  surfaces,  rendering  it  difficult  to  assess  the  validity  of 
these  negative  findings.  Also,  the  adequacy  of  the  sensitivity  of  this 
holographic  technique  for  detecting  such  movements  was  disputed  by  Chou 
et  al.  (1980a),  with  a  response  by  Frey  and  Coren  (1980).  Based  on  the 
description  of  the  holographic  technique,  one  would  expect  that  the 
brightness  of  a  surface  having  non-uniform  optical  reflectance  would 
appear  non-uniform  even  if  the  surface  were  stationary.  Also,  a  surface 
having  uniform  reflectance  and  moving  as  a  unit,  i.e.,  without  motion  of 
any  area  relative  to  another,  would  appear  uniformly  illuminated  (but  of 
lower  brightness  than  if  the  same  surface  were  stationary). 


A  more  fundamental  question  is  whether  or  not  the  successive  removal 
of  skin,  musculature,  etc.,  would  alter  the  characteristics  of  possible 
RFR-to-elastic-wave  transduction  wherever  it  occurred  in  the  head.  For 
example,  suppose  transduction  takes  place  at  the  inner  or  outer  surface 
of  the  skull  with  the  skin  and  musculature  intact  (which  may  render  the 
motion  undetectable  with  this  holographic  technique).  Would  baring  the 
skull  by  the  removal  of  skin  and  musculature  alter  the  characteristics 
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of  the  transduction  process  significantly? 

Olsen  and  Hammer  (1980)  used  a  hydrophone  transducer  implanted  in  a 
rectangular  muscle-equivalent  model  to  detect  acoustical  responses  to 
exposure  of  the  model  to  pulsed  RFR.  The  model  consisted  of  about  15  kg 
of  polyethylene  powder,  water,  sodium  chloride,  and  gelling  agent  in 
proportions  given  by  Guy  (1971)  and  contained  within  an  open  rectangular 
polystyrene  box.  It  was  exposed  to  0.5-microsecond  5.7-GHz  pulses  at  7- 
ms  intervals  (143  pps)  at  5.5  cm  from  a  standard-gain  horn  (about  0.07 
of  the  conventional  far-field  distance)  at  an  average  power  density  of 
120  raW/sq  cm.  The  corresponding  pulse  power  density  exceeded  1.5  kW/sq 
cm.  The  authors  noted  that  in  the  near  field,  the  on-axis  power  density 
is  a  strongly  oscillating  function  of  the  distance  from  the  horn,  and 
they  found  that  the  amplitude  of  the  thermoelastic  waves  exhibited  such 
behavior  when  the  distance  between  the  horn  and  hydrophone  was  slightly 
increased  or  decreased. 

The  SAR  was  determined  calorimetr ically  at  several  depths  within  the 
model.  The  results  were  about  95  W/kg  at  1  mm,  50  W/kg  at  1  cm,  and  5 
W/kg  at  2  cm,  showing  that  most  of  the  RFR  energy  was  absorbed  within 
the  first  2  cm.  The  hydrophone  used  was  directionr.1  and  sensitive  in 
the  frequency  range  50-700  kHz,  and  was  inserted  into  the  model  on  the 
axis  of  the  horn  at  15.24  cm  from  the  exposed  surface.  The  hydrophone 
output  was  fed  to  a  broad-band  filter,  amplified,  and  monitored  with  an 
oscilloscope.  For  comparison  with  prior  studies,  measurements  with  the 
hydrophone  were  also  made  in  1Z  saline  (12  kg)  in  the  polystyrene  box. 

The  response  of  the  muscle-equivalent  model  to  the  RFR  pulses  was  a 
rapidly  decaying  thermoelastic  wave  lasting  about  10  microseconds  and  a 
narrower  RFR  artifact,  the  latter  serving  as  a  convenient  marker  for 
measuring  the  time  delay  corresponding  to  the  acoustic  propagation  speed 
of  the  thermoelastic  wave.  The  delay  between  the  therrooelast ic  response 
and  the  artifact  was  85  microseconds.  Using  the  depth  of  the  hydrophone 
to  calculate  the  propagation  (group)  speed  yielded  about  1800  m/s. 

A  second  wave  delayed  from  the  first  by  about  380  microseconds  was 
also  evident.  The  authors  ascribed  this  wave  to  two  successive  re¬ 
flections,  from  the  back  and  front  surfaces  of  the  model,  for  a  total 
distance  traveled  (one  round  trip  from  the  hydrophone)  of  twice  the  di¬ 
mension  of  box  parallel  to  the  propagation  direction,  or  60.96  cm,  a 
distance  that  yielded  a  propagation  speed  of  1600  m/s.  They  noted  that 
transduction  of  the  pulses  into  thermoelastic  waves  at  the  surface  was 
tacitly  assumed  in  the  calculation  of  the  higher  speed,  but  that  trans¬ 
duction  actually  occurs  1-2  cm  from  the  surface.  Taking  1.5  cm  as  the 
locus  of  transduction  yields  a  speed  of  1616  m/s  for  the  85-microsecond 
delay  (with  no  change  for  the  twice-reflected  wave). 

The  amplitude  of  the  twice-reflected  wave  was  about  20X  of  the  initial 
hydrophone  response  amplitude,  which  permitted  the  authors  to  estimate 
the  acoustic  attenuation  within  the  model.  Excluding  reflection  losses, 
estimated  to  be  less  than  10Z,  yielded  an  upper-bound  loss  of  14  dB  for 
a  61-cra  slab  of  muscle-equivalent  material. 


For  studying  transduced  waves  in  saline,  the  hydrophone  was  placed 
7.62  cm  from  the  exposed  surface.  Unlike  the  rapidly  decaying  wave  in 
the  muscle-equivalent  material,  the  RFR  pulses  yielded  a  ringing  re¬ 
sponse  by  the  hydrophone.  The  61-cm-round-trip  delay  time  between  the 
initial  and  twice-reflected  waves  was  400  microseconds,  which  yielded  a 
propagation  speed  of  1525  m/s,  consonant  with  values  found  by  others 
(Lin,  1978).  Also  prominent  was  a  wave  delayed  by  only  90  microseconds 
from  the  initial  wave,  apparently  due  to  reflections  from  the  hydrophone 
itself  and  from  the  front  surface  of  the  saline  back  to  the  hydrophone. 
(An  analogous  wave  of  intermediate  delay  time  was  barely  discernible  in 
the  oscilloscope  trace  for  the  muscle-equivalent  material.) 

The  authors  suggested  that  the  presence  of  ringing  in  the  saline  model 
indicated  the  induction  of  higher-frequency  acoustic  components  and  that 
the  absence  of  ringing  in  the  muscle-equivalent  model  may  be  because  of 
a  thinner  RFR-absorpt ion  profile  and/or  greater  high-frequency  damping 
for  the  simulated  muscle  tissue. 

Olsen  and  Hammer  (1981)  performed  similar  measurements  in  a  rectangu¬ 
lar  muscle-equivalent  model.  However,  the  0.5-microsecond,  5.7-GHz 
pulses  were  triggered  at  760-microsecond  intervals  or  twice  the  round 
trip  time  observed  previously,  to  reinforce  the  thermoelectric  waves. 
(Interpulse  intervals  of  380  microseconds  could  not  be  used  because  of 
equipment  limitations.)  An  amplitude  enhancement  factor  of  about  3  was 
obtained  at  the  end  of  a  burst  of  four  pulses. 

Also  studied  by  Olsen  and  Hammer  (1981)  was  a  spherical  brain-equi¬ 
valent  model  10  cm  in  diameter.  The  model  was  exposed  to  1.10-GHz  RFR 
from  an  open  section  of  waveguide,  either  as  single  pulses  of  4-kW  peak 
power  and  duration  that  was  varied  or  as  bursts  of  three  such  pulses 
with  an  adjustable  interpulse  interval.  For  a  nominal  10-microsecond 
pulse,  the  SAR  was  824  W/kg  at  the  center  of  the  sphere  and  653  W/kg  at 
the  surface  facing  the  source.  A  hydrophone  was  placed  at  the  center  of 
the  model  to  detect  thermoelastic  waves. 

Exposure  of  the  model  to  single  14-microsecond  pulses  yielded  ringing 
for  each  pulse,  with  a  fundamental  frequency  of  about  16  kHz  and  a  time 
constant  of  about  500  microseconds,  the  latter  said  to  be  consistent 
with  the  attenuation  obtained  in  the  rectangular  model.  A  plot  of 
hydrophone  response  vs  pulse  duration  over  the  range  10-60  microseconds 
showed  maximum  response  for  20-microsecond  pulses.  Three-pulse  bursts 
at  burst  frequencies  ranging  from  10  to  30  kHz  yielded  higher  amplitudes 
than  single  pulses,  with  maximum  enhancement  at  16  kHz,  as  expected. 

Olsen  and  Lin  (1981)  performed  similar  studies  of  spherical  brain- 
equivalent  models  6,  10,  and  14  cm  in  diameter  exposed  to  10-kW,  1.10- 
GHz  single  pulses  and  bursts  of  three  pulses  from  an  open  section  of 
waveguide.  To  increase  the  amplitude  of  the  thermoelastic  waves  in  the 
6-cm  sphere,  it  was  placed  directly  against  the  waveguide  opening. 

A  plot  of  peak  hydrophone  responses  of  the  6-cm  sphere  to  bursts  of 
10-microsecond  pulses  vs  burst  frequency  showed  maximum  response  at  25.5 


kHz.  The  corresponding  data  for  the  10-cm  sphere  were  the  same  as  in 
Olsen  and  Hammer  (1981).  The  response  of  the  14-cra  sphere  to  single 
pulses  was  ringing  at  a  fundamental  frequency  slightly  above  10  kHz,  and 
was  maximum  for  35-microsecond  pulses.  The  responses  of  that  sphere  to 
bursts  of  35-microsecond  pulses  had  a  peak  at  11.5  kHz.  Plots  of  the 
experimentally  determined  fundamental  resonant  frequencies  for  the  three 
models  were  on  the  curve  of  resonant  frequency  vs  head  radius  derived 
from  the  thermoelastic  theory  for  a  homogeneous  brain  sphere  with 
stress-free  boundaries,  thereby  supporting  that  theory. 

In  a  subsequent  study,  Olsen  and  Lin  (1983)  surgically  implanted  disk 
hydrophone  transducers  3.2  mm  in  diameter  and  0.5  mm  thick  in  the  brains 
of  rats,  guinea  pigs,  and  cats  to  measure  the  stress  waves  induced  by 
RFR  pulses.  Connections  to  the  transducers  were  made  with  coaxial  cable 
2.5  mm  in  diameter. 

In  the  experiments  with  cats  and  guinea  pigs,  the  hydrophone  trans¬ 
ducer  was  implanted  about  1.5  cm  deep  in  the  brain  of  the  anesthetized 
animal  through  a  hole  in  the  skull  on  the  left  side  of  the  head  near 
the  top  of  the  parietal  bone.  Next,  the  animal  was  taken  to  an  anechoic 
chamber  and  exposed  to  0.5-microsecond,  2  kW-peak  pulses  of  5.7-GHz  RFR 
at  2  pps  from  a  standard-gain  horn,  and  to  acoustic  clicks.  The  output 
cable  of  the  hydrophone  was  not  connected  during  these  stimuli;  instead, 
metallic  and  nonmetallic  electrodes  (at  unspecified  head  locations)  were 
used  to  detect  and  compare  brainstem  potentials  in  response  to  each 
stimulus . 

After  the  brainstem  potentials  were  measured,  the  hydrophone  output 
cable  was  connected  to  an  oscilloscope  and  the  animal  was  exposed  to 
several  series  of  5.7-GHz  RFR  pulses  at  14  pps.  The  animal  was  then 
removed  from  the  chamber  and  placed  next  to  a  3-kW-peak  2.45-GHz  source, 
where  its  head  was  exposed  to  2.5-microsecond  pulses  with  a  surface 
applicator.  The  output  of  the  hydrophone  was  recorded  during  each 
exposure . 

In  the  experiments  with  rats,  brainstem  potentials  in  response  to  5.7- 
GHz  pulses  and  acoustic  clicks  were  measured  before  the  hydrophone  was 
implanted.  After  implantation,  hydrophone  signals  were  recorded  during 
exposure  to  0.5-microsecond,  5.7-GHz  pulses  in  the  anechoic  chamber  and 
to  5-6-microsecond,  2.45-GHz  pulses  with  the  applicator. 

Representative  hydrophone  output  waveforms  for  one  cat  and  one  guinea 
pig  for  the  two  RFR  frequencies  were  presented,  which  showed  that  the 
shorter  5.7-GHz  pulses  stimulated  vibrations  having  more  of  the  higher- 
frequency  components  than  the  2.45-GHz  pulses.  In  addition,  varying  the 
2.45-GHz  burst  frequency  for  the  cat  yielded  maximum  response  near  40 
kHz.  Hydrophone  output  waveforms  for  six  rats  were  also  presented  and 
were  characterized  similarly.  In  addition,  a  distinct  vibration  near  60 
kHz,  the  computed  fundamental  mode  of  the  rat  brain,  was  discernible. 

From  their  results,  the  authors  concluded  that  RFR  pulses  do  induce 
acoustic  pressure  waves  in  the  brain,  confirming  previous  predictions, 
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particularly  regarding  the  fundamental  radial  oscillation  of  the  rat 
brain  near  60  kHz.  They  also  noted  that  the  theoretically  predicted 
frequencies  are  independent  of  heating  patterns,  but  are  functions  only 
of  the  propagation  speed  of  pressure  waves  and  the  size  of  the  head. 

Open  to  question,  however,  is  whether  the  use  of  coaxial  cable  and  other 
metal  leads  introduced  significant  artifact. 

Wilson  et  al.  (J.980)  used  C-14-labeled  2-deoxy-D-glucose  (C-14-DG)  to 
prepare  autoradiographic  maps  of  brain  activity  in  11  rats,  to  study  the 
effects  of  exposure  to  RFR,  acoustic  clicks,  and  infrared  radiation  (IR) 
on  the  auditory  system.  In  nine  of  the  rats,  the  left  bulla  was  opened, 
the  ossicles  were  removed,  and  the  bulla  was  packed  with  gelfoaro.  In 
the  other  two  rats,  one  cochlea  was  destroyed  by  inserting  a  blunt  probe 
through  the  round  window.  These  operations,  done  prior  to  exposure, 
were  to  abolish  or  attenuate  the  response  of  one  side  of  the  auditory 
system  to  airborne  sound. 

Each  rat  was  exposed  to  only  one  stimulus  in  a  sound-isolation  chamber 
for  45  min,  while  the  rat  was  restrained  within  a  cylindrical  cage  of 
RFR-transparent  mesh.  Just  before  exposure,  each  rat  was  injected  with 
C-14-DG.  On  completion  of  exposure,  the  rat  was  euthanized  and  its 
brain  was  quickly  removed,  frozen,  and  sectioned  in  the  frontal  plane 
(30-micron  slices).  Autoradiographs  of  C-14-DG  uptake  throughout  the 
brain  were  prepared  and  examined  for  differences  in  optical  densities 
resulting  from  exposure  to  the  various  stimuli.  Also,  autoradiographs 
of  representative  sections  through  the  auditory  and  vestibular  nuclei 
were  identified  and  enlarged,  and  the  identified  sections  were  stained 
with  cresyl  violet. 

Two  of  four  rats  were  stimulated  with  acoustic  clicks  at  87  dB  SPL 
from  a  loudspeaker  driven  by  100-microsecond  pulses  at  10  pps .  One  of 
the  remaining  rats  was  exposed  to  IR  from  two  heat  lamps  at  a  level 
stated  to  mimic  the  total  thermal  load  induced  by  RFR  exposure.  Speci¬ 
fically,  the  voltage  applied  to  the  lamps  was  adjusted  to  yield  a  tem¬ 
perature-increase  rate  of  a  saline-filled  beaker  that  matched  the  rate 
obtained  from  exposure  to  918-GHz  RFR  at  10  mW/sq  cm.  (The  authors  did 
note  that  the  spatial  heating  profiles  for  the  IR  and  RFR  were  dissimi¬ 
lar.)  The  fourth  rat  was  held  in  the  sound- isol at  ion  chamber  without 
st imulat ion . 

Autoradiographs  of  these  four  rats  (denoted  as  controls,  i.e.,  not 
exposed  to  RFR)  were  qualitatively  similar;  all  showed  bilateral  asym¬ 
metry  in  C-14-DG  uptake  by  the  inferior  colliculus  and  medial  ger i  jlate 
body,  with  higher  uptake  on  the  side  contralateral  to  the  intact  middle 
ear.  As  noted  by  the  authors,  this  form  of  asymmetry  was  expected  be¬ 
cause  most  ascending  pathways  from  one  cochlea  lead  to  the  central  nu¬ 
cleus  of  the  contralateral  inferior  colliculus.  Not  clear  was  why  the 
autoradiographs  for  two  such  different  stimuli  (acoustic  clicks  and  IR) 
and  those  taken  in  their  absence  were  so  similar  to  one  another. 

In  an  initial  experiment,  one  of  the  rats  with  left  ossicles  removed 
was  exposed  to  20-raicrosecond  pulses,  10  pps,  of  2.45-GHz  RFR  at  an 


average  power  density  of  2.5  mW/sq  cm,  for  a  peak  power  density  of  12.5 
W/sq  cm.  The  autoradiographs  of  this  rat  from  the  inferior  colliculus, 
unlike  those  for  the  control  rats,  showed  bilateral  symmetry  in  C-14-DG 
uptake,  taken  as  indicating  the  utility  of  the  C-14-DG  method  for  demon¬ 
strating  a  known  effect  of  RFR  exposure  on  brain  activity.  The  four  re¬ 
maining  rats  with  left  ossicles  removed  were  then  exposed  to  918-MHz  CW 
RFR,  two  each  at  2.5  and  10  mW/sq  cm,  to  identify  possible  effects  of 
the  CW  RFR.  The  corresponding  SARs  in  the  raidbrain  were  1.1  and  4.4 
W/kg,  determined  thermometr ical ly  with  rat  carcasses.  For  both  CW  RFR 
Levels,  C-14-DG  uptake  in  the  inferior  colliculus  was  also  bilaterally 
symmetric  and  the  autoradiographs  were  "surprisingly  similar"  to  those 
for  the  pulsed  RFR. 

The  authors  stated:  "To  exclude  the  possibility  that  CW  microwave 
radiation  produced  this  result  by  direct  action  on  brain  tissue,  addi¬ 
tional  data  were  obtained  from  two  animals  in  which  one  cochlea  was 
destroyed.  In  both  animals,  the  uptake  of  C-14-DG  was  greatest  at  the 
inferior  colliculus  contralateral  to  the  intact  cochlea.  The  degree  of 
asymmetry  at  the  inferior  colliculus  was,  in  fact,  at  least  as  great  as 
that  found  in  any  of  the  control  animals.  This  finding,  coupled  with 
the  finding  of  a  bilateral  symmetry  of  C-14-DG  uptake  in  the  auditory 
pathways  of  animals  with  one  middle  ear  ablated,  demonstrated  that  CW 
microwave  radiation  acts  at  some  site  within  the  cochlea  in  eliciting 
auditory  responses." 

C-14-DG  uptake  in  other  structures  of  the  auditory  system,  such  as  the 
lateral  superior  olive,  medial  superior  olive,  or  cochlear  nucleus, 
showed  no  bilateral  differences  except  in  the  two  rats  with  one  cochlea 
destroyed.  Autoradiographs  from  regions  outside  of  the  auditory  system 
were  bilaterally  symmetric  and  showed  no  st imulus- re lated  qualitative 
d  if  ferences . 

In  their  discussion,  the  authors  suggested  that  the  activity  of  the 
rat's  auditory  system  in  response  to  CW  RFR,  determined  by  integrated  C- 
14- DG  uptake  during  a  45-rain  period,  is  an  effect  distinct  from  the 
thermoelastic  responses  to  RFR  pulses,  and  that  the  CW  interaction 
appears  to  occur  somewhere  within  the  cochlea.  They  estimated  that  a 
steady-state  increase  in  int racoc hlear  temperature  of  between  0.1  and 
0.5  deg  C  would  be  induced  in  live  rats  exposed  to  918-MHz  CW  RFR  at  2.5 
mW/sq  cm,  suggesting  that  such  increases  in  temperature  may  be  effective 
in  altering  auditory  activity.  In  this  context,  it  is  reiterated  that 
the  average  power  density  of  the  2.45-GHz  pulsed  RFR  used  in  this  study 
was  also  25  mW/sq  cm  and  that  the  midbrain  SAR  was  1.1  W/kg. 

In  conclusion,  the  preponderance  of  experimental  results  indicates 
that  auditory  perception  of  RFR  pulses  is  due  to  induction  of  thermo¬ 
elastic  waves  in  the  head,  rather  than  to  direct  brain  stimulation  by 
the  RFR.  Also,  because  individual  pulses  can  be  perceived,  it  is  not 
meaningful  to  calculate  average  power  densities  for  two  or  more  widely 
spaced  pulses  and  cite  such  values  as  evidence  that  the  effect  is  non- 
thermal  in  nature.  The  response  tn  CW  RFR  reported  by  Wilson  et  al. 
M980)  is  an  effect  distinct  from  the  thermoelastic  responses  to  pulses 
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and  possibly  is  related  to  an  intracochlear  temperature  rise  of  0.1  to 
0.5  deg  C. 
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3. 1.4. 3  CUTANEOUS  PERCEPTION 


Among  the  few  studies  on  human  perception  of  RFR  in  the  skin  were 
those  of  Hendler  and  Hardy  (1960),  Hendler  et  al.  (1963),  and  Hendler 
(1968),  who  compared  the  sensitivity  of  the  forehead  area  to  infrared 
radiation  (IR)  and  RFR.  Hendler  (1968)  will  be  discussed,  with  refer¬ 
ences  to  the  two  earlier  papers  as  appropriate,  because  it  includes  most 
of  the  information  in  those  papers  plus  some  additional  data. 

As  described  in  Hendler  and  Hardy  (1960),  to  overcome  previous  inade¬ 
quacies  in  measuring  cutaneous  temperature,  the  authors  developed  a  ra- 
diometic  apparatus  having  the  following  capabilities:  (1)  applying  tem¬ 
perature  stimuli  to  the  skin  and  simultaneously  measuring  the  resulting 
changes  in  temperature  with  a  sensitivity  better  than  0.001  deg  C  per 
second  and  an  absolute  accuracy  of  +/-  0.01  deg  C,  (2)  freedom  from 
stimulation  of  cutaneous  sensations  other  than  temperature  (e.g.,  touch, 
pain,  itch,  etc.),  (3)  avoidance  of  mechanical  deformation  of  tissues 
with  resulting  alteration  in  local  cutaneous  blood  flow,  (4)  maintenance 


of  regulated  and  controlled  intensity  and  distribution  of  the  stimulus 
over  the  stimulated  area,  and  (5)  convenient  application  of  stimuli  of 
varying  duration  and  tissue  penetrability. 
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An  insulating  face  shield  was  used  to  block  all  but  a  central  37-sq-cm 
circular  area  of  the  subject's  forehead.  A  chopper  rotating  at  13  Hz 
(77  milliseconds  per  period)  was  positioned  between  the  face  shield  and 
a  heat  source  and  between  the  face  shield  and  a  detector.  The  aperture 
areas  of  the  chopper  were  designed  so  that  the  source  or  detector  was 
open  to  the  face  shield  during  successive  equal  time  intervals  (about  30 
milliseconds)  of  each  rotation,  but  not  both  simultaneously.  The  latter 
condition  prevented  reflection  of  source  energy  from  the  forehead  to  the 
detector  and  thereby  permitted  detection  of  only  the  radiant  emission 
from  the  forehead.  Thus,  forehead  cooling  curves  could  be  determined 
virtually  immediately  after  heating. 

The  chopper  also  amplitude-modulated  the  signals  from  the  forehead  at 
13  Hz,  thereby  permitting  use  of  conventional  detector-output  amplifi¬ 
cation  at  that  frequency.  The  amplified  signals  were  rectified,  fil¬ 
tered,  and  fed  through  a  potentiometer  to  an  ink-writing  strip-chart 
recorder.  The  potentiometer  was  used  as  a  bucking-voltage  source,  to 
permit  recording  very  small  skin-temperature  changes.  Full-scale  (10- 
inch)  deflection  of  the  pen  required  1.5  seconds  and  represented  a  tem¬ 
perature  change  of  2  deg  C  with  typical  amplifier  settings. 
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Detection  was  based  on  the  black  body  characteristics  of  skin  in  the 
IR  region.  Examination  of  the  reflectance  spectra  of  black  and  white 
skin  showed  large  differences  between  them  in  the  visible  and  near-IR 
regions  from  about  0.4  to  2  microns  (with  maxima  respectively  at  about  1 
and  0.7  microns),  but  that  the  two  curves  were  virtually  coincident  in 
the  far-IR  region  from  about  2  to  20  microns.  In  addition,  the  black 
body  emission  curve  for  35  deg  C,  approximately  normal  forehead  tempera¬ 
ture,  covered  the  latter  range,  with  a  peak  at  about  8  microns. 


The  detector,  housed  in  an  evacuated  chamber  having  a  f ar-IR-trans- 
parent  window,  consisted  of  a  blackened  target  with  a  thermocouple  at¬ 
tached.  Black  body  emission  for  a  source  at  245  deg  C  covers  the  range 
from  about  3  to  40  microns,  with  a  peak  at  about  5  microns.  Therefore, 
the  IR  source  used  was  a  hot  plate  maintained  electrically  at  a  tempera¬ 
ture  between  200  and  300  deg  C.  Radiation  reaching  the  subject's  skin 
from  this  source  was  controlled  by  a  thermally  insulated  shutter,  which 
could  be  rotated  silently  to  regulate  the  duration  of  exposure.  Cali¬ 
bration  of  the  intensity  within  the  face  shield  (to  within  about  3X)  was 
done  with  a  portable  radiometer. 

The  RFR  source  described  in  the  two  earlier  papers  was  a  magnetron- 
powered  3-cm  (10-GHz)  pulse  generator  set  to  produce  0.4-microsecond 
pulses  at  2500  pps .  Magnetron  output  was  fed  through  a  waveguide  to  a 
horn  placed,  when  used,  in  the  same  relative  position  as  the  hot  plate. 
The  peak  and  average  output  powers  were  60  kW  and  60  W.  The  RFR  was 
controlled  either  manually  by  on-off  switching  or  automatically  with  a 
microswitch  operated  by  a  revolving  cam  programmed  for  appropriate  on- 
off  sequences. 

Data  obtained  with  a  10-cm  (3-GHz)  pulsed  source  (2-microsecond  pulses 
at  300  pps)  terminated  with  a  horn  were  presented  only  in  Hendler 
(1968).  However,  because  of  the  larger  size  of  the  apparatus,  direct 
measurement  of  skin  temperature  by  radiometry  was  not  feasible.  The 
subject  was  placed  in  the  far  field  of  the  horn  within  an  anechoic 
chamber,  behind  a  shield  that  again  limited  the  RFR  to  the  forehead 
area . 

Absorption  of  RFR  energy  of  each  frequency  by  the  skin  was  determined 
with  a  skin  "simulant"  consisting  of  a  hollow  acrylic  disc  0.55  cm  thick 
for  10  GHz  and  1.5  cm  thick  for  3  GHz,  with  faces  of  polyethylene  sheet 
about  0.02  mm  thick,  filled  with  water  and  placed  in  the  aperture  of  the 
face  shield.  Each  disc  was  provided  with  internal  thermocouples  and  an 
electric  heater  wire.  Calibration  was  done  by  measuring  the  electric 
power  required  to  raise  the  water  temperature  by  known  values  in  given 
time  intervals,  permitting  calculation  of  the  power  required  raise  the 
water  temperature  by  the  same  amount  as  by  RFR  during  corresponding  time 
intervals . 

The  absorption  coefficient,  calculated  from  equation  2-2-1  in  Hendler 
(1968),  p.  154  (and  in  the  other  two  papers)  and  from  the  electrical 
properties  of  skin,  was  4.9  per  cm  for  10  GHz  and  1.2  per  cm  for  3  GHz. 
The  corresponding  reciprocals  (penetration  depths)  were  about  0.2  and 
0.8  cm.  The  penetration  depths  given  in  Durney  et  al.  (1978),  p.  38  are 
respectively  about  0.4  and  1.8  cm  or  twice  those  in  Hendler  (1968).  The 
reasons  for  the  discrepancies  are  obscure  except  that  the  equation  cited 
appears  to  be  in  error.  Moreover,  with  the  stated  values  of  dielectric 
constant  and  specific  resistance  of  skin  at  10  GHz,  the  equation  yields 
a  small  and  therefore  probably  inaccurate  difference  between  two  nearly 
equal  numbers.  However,  Hendler  (1968)  also  did  note  that  individual 
values  of  absorption  coefficient  deviated  as  much  as  50X  from  the  mean. 


Each  experimental  session  lasted  about  10  min.  The  subjects  were 
given  auditory  warning  signals  before  each  stimulus.  Successive  stimuli 
were  separated  by  at  least  40  seconds,  to  allow  the  skin  to  return  to 
initial  temperature.  When  IR  was  used  to  change  skin  temperature,  each 
subject  verbally  reported  temperature  sensation  (warm,  cool)  or  no  sen¬ 
sation  (neutral)  every  10  seconds,  which  was  noted  immediately  on  the 
skin-temperature  record.  Because  of  sound  changes  associated  with  use 
of  the  RFR  generators,  each  subject  was  provided  with  sound-attenuating 
ear  muffs,  and  a  low-frequency  masking  noise  was  used.  Subjects  exposed 
to  RFR  were  also  provided  with  two  manual  switches,  one  for  each  hand, 
to  continuously  record  warm  or  cool  sensation  by  closing  the  appropriate 
switch  or  no  sensation  by  closing  neither  switch.  The  IR  results  are 
discussed  first. 

From  curves  of  temperature  increase  for  IR  heating  (with  the  hot 
plate)  vs  time,  the  thermal  inertia  (product  of  thermal  conductivity, 
density,  and  specific  heat)  was  determined  for  skin.  The  values  were 
found  to  remain  stable  over  heating  periods  lasting  140  seconds,  and  the 
mean  for  three  subjects  was  108  cgs  units,  findings  of  importance  rela¬ 
tive  to  heating  with  pulsatile  IR,  discussed  later. 

Detailed  examination  of  the  forehead-skin  temperature  records  of  seven 
subjects  exposed  to  the  IR  showed  that  the  best  correlate  of  temperature 
sensation  was  the  time  rate  of  change  of  skin  temperature  when  the  skin 
remained  within  a  few  degrees  of  its  normal  level;  neither  the  time 
derivative  of  this  correlate,  nor  skin  temperature  per  se,  nor  increment 
of  skin  temperature  showed  any  consistent  relationship  to  temperature- 
sensation  reports. 

Representative  IR  results  were  presented,  based  on  788  reports  of 
warm,  cool,  and  neutral  sensations  by  one  experienced  subject  during 
eight  experimental  periods,  in  which  skin  temperature  was  varied  from 
slightly  higher  than  32  to  about  36  deg  C  but  not  by  more  than  0.6  deg  C 
during  any  one  experimental  period.  These  results  were  plotted  as 
percentages  of  reports  of  each  sensation  vs  the  measured  time  rate  of 
change  of  skin  temperature  (over  the  range  from  -0.01  to  +0.01  deg  C  per 
second).  Even  though  the  authors  drew  the  curve  for  each  sensation 
visually  rather  than  by  statistical  curve  fitting  (a  straight  line  each 
of  positive  and  negative  slope  for  warm  and  cool,  respectively,  and  an 
inverted  U  for  neutral),  the  correlations  were  evident.  Taking  the  50% 
probability  level  for  each  sensation  as  indicating  the  threshold  for 
that  sensation  yielded  a  threshold  skin-temperature  rate  of  change 
between  +0.001  and  +0.002  deg  C  per  second  for  warm  and  between  -0.005 
and  -0.006  deg  C  per  second  for  cool. 

The  authors  noted  some  exceptions  to  the  relationship  between  sen¬ 
sation  and  skin-temperature  rate  of  change.  First,  during  periods  when 
skin  temperature  was  not  changed,  only  48.6%  of  the  reports  were  neu¬ 
tral;  of  the  remaining  reports,  19.5%  were  cool  and  31.9%  were  warm. 
Second,  rapid  spontaneous  fluctuations  of  skin  temperature  due  to  ir¬ 
regularly  occurring  convective  heat  losses  were  not  accompanied  by  sen¬ 
sation  reports  consistent  with  the  skin-temperature  changes  actually 


measured.  Third,  when  the  skin  was  heated  or  cooled  appreciably  and  al¬ 
lowed  to  return  spontaneously  to  normal  level,  initial  reports  of  cool 
were  made  irrespective  of  the  direction  of  the  change. 

High  levels  of  pulsatile  IR  were  applied  for  short  durations  to  the 
forehead  skin,  without  and  with  blackening  (with  indla  ink),  of  an 
experienced  subject.  The  radiometric  apparatus  was  not  used,  because 
its  frequency  response  was  limited;  instead,  the  source  was  a  Variac- 
controlled  150-W  incandescent  lamp  covered  with  a  near-IR  (1-3  microns) 
filter.  A  leaf-type  camera  shutter  having  a  wide-open  aperture  area  of 
25.65  sq  cm  was  placed  over  the  face  shield.  Shutter  opening  times  were 
varied  to  provide  pulses  (basically  square  waves)  of  thermal  energy  of 
duration  from  39  to  570  milliseconds. 

At  each  shutter  setting  (pulse  duration),  various  intensities  were 
tried  until  a  level  was  found  for  which  half  the  stimuli  yielded  reports 
of  sensation.  That  level  was  taken  to  be  the  warmth  threshold  for  that 
pulse  duration.  A  plot  of  threshold  level  vs  pulse  duration  (over  the 
domain  39-570  milliseconds)  yielded  a  reciprocal  (constant-product) 
relationship,  a  result  taken  as  indicating  some  common  change  within  the 
skin  under  the  assumption  that  the  warmth  sensation  was  the  same  for 
each  pair  of  values. 

IR-induced  intracutaneous  temperature  changes  were  analyzed  by  the 
authors  with  the  one-dimensional  heat-conduction  equation;  the  solution 
for  each  threshold  level  and  pulse  duration  was  plotted  as  temperature 
increment  vs  depth  into  skin.  The  shapes  of  the  curves  were  similar, 
each  showing  diminution  of  temperature  increment  with  depth,  with  the 
curve  for  the  highest  threshold  intensity  and  shortest  pulse  yielding 
the  highest  surface  temperature  rise  and  the  largest  (negative)  slope. 
Especially  noteworthy  was  that  the  curves  crossed  one  another  within  the 
depth  range  150-200  microns,  in  which  region  the  temperature  rise  was 
about  0.02  deg  C.  Thus,  taking  50  microns  as  the  approximate  thickness 
of  the  epidermis,  the  authors  associated  the  threshold  warmth  sensation 
with  thermal  stimulation  of  the  subcutaneous  region.  They  suggested 
that  rapid  surface-temperature  fluctuations  would  not  be  very  effective 
in  stimulating  this  region  (because  of  the  thermal  inertia  of  skin), 
which  would  account  for  the  absence  of  responses  to  the  spontaneous 
convective  heat  losses  noted  above. 

Responses  to  heating  with  10-GHz  RFR  yielded  sensation  reports  that 
were  more  variable  than  those  with  IR.  Among  the  results  were  those 
showing  a  different  functional  dependence  on  exposure  time  of  threshold 
surface-temperature  increase  for  10-GHz  RFR  than  IR.  This  surface- 
temperature  increase  diminished  with  exposure  time  (reciprocity)  for  IR, 
whereas  it  rose  linearly  with  exposure  time  for  10-GHz  RFR.  The  curves 
crossed  at  about  1.4  seconds,  for  which  the  threshold  surface-tempera¬ 
ture  increase  was  about  0.033  deg  C.  The  corresponding  curve  for  3  GHz 
was  not  shown  because  no  direct  measurements  of  skin  temperature  at  this 
frequency  were  made.  However,  the  authors  noted  that  a  curve  calculated 
from  the  known  absorption  coefficient  of  skin  at  3  GHz  would  be  below 
and  roughly  parallel  to  the  10-GHz  curve. 


The  only  3-GHz  data  presented  (in  Hendler,  1968)  was  a  plot  of  thresh¬ 
old  stimulus  intensity  vs  exposure  time,  with  similar  plots  for  10  GHz 
and  far  IR.  Both  RFR  curves  extended  to  exposure  durations  of  5 
seconds,  but  the  IR  curve  to  only  3  seconds.  Reciprocity  was  evident 
for  all  three  curves,  with  the  3-GHz  curve  above  that  for  10-GHz  and  the 
latter  above  the  IR  curve,  consonant  with  penetration-depth  considera¬ 
tions.  As  representative  quantitative  results,  the  threshold  stimulus 
intensities  for  1-second  exposures  to  3  GHz,  10  GHz,  and  IR  were  respec¬ 
tively  about  14.3,  4.5,  and  1.2  meal  per  second  per  sq  cm  (60,  19,  and  5 
mW/sq  cm).  For  5-second  exposures,  the  3-  and  10-GHz  thresholds  were 
respectively  about  7.6  and  3.0  meal  per  second  per  sq  cm  (32  and  13 
mW/sq  cm);  by  extrapolation,  the  5-second  threshold  for  IR  was  about 
C.05  meal  per  second  per  sq  cm  (0.2  mW/sq  cm). 

Among  the  other  notable  results  with  10-GHz  RFR  were  delays  in  re¬ 
sponses  between  stimulus  initiation  and  first  report  of  warmth  sensation 
(onset  delay)  and  between  stimulus  termination  and  end  of  warmth  sen¬ 
sation  (offset  delay).  In  a  typical  experiment,  the  average  onset  and 
offset  delays  were  respectively  2.4  and  6.6  seconds.  The  authors  indi¬ 
cated  that  casually  placing  the  hand  directly  in  front  of  the  RFR  horn 
for  greater  intensity  yielded  warmth  that  persisted  for  several  minutes 
after  the  hand  was  removed  and  that  the  subjects  did  not  respond  to 
suprathreshold  rates  of  skin-temperature  change  in  a  manner  that  could 
be  accounted  for  by  the  hypothesis  that  this  measure  is  the  effective 
stimulus  for  sensation  as  for  IR. 

More  recently,  Justesen  et  al .  (1982)  determined  warmth  thresholds  by 
exposing  the  forearm  of  each  of  six  subjects  to  vertically  polarized 
far-field  2.45-GHz  CW  RFR  within  an  anechoic  chamber  for  10  seconds  at 
aperiodic  intervals  of  about  30  seconds.  For  exposure,  each  subject  was 
located  behind  an  RFR-absorbing  partition  within  the  chamber,  with  the 
ventral  surface  of  the  forearm  vertically  placed  against  an  aperture  15 
cm  in  diameter  in  the  partition.  Subjects  were  similarly  exposed  to  IR 
from  focused  quartz  lamps  through  an  aperture  of  the  same  size  in  a 
Styrofoam  partition.  During  threshold  measurements,  the  fans  used  for 
driving  air  through  the  chamber  were  inactivated,  and  the  ambient  tem¬ 
perature  and  relative  humidity  averaged  25  +/-  2.0  deg  C  and  50  +/-  5%, 
respectively.  Calibrations  of  RFR  and  IR  power  densities  were  done  at 
aperture  center  (in  the  absence  of  the  subject)  with  a  Narda  Model  8316B 
E-field  probe  and  a  Hardy  radiometer,  respectively. 

IR  SARs  were  determined  for  a  cylindrical  red-latex-balloon  model 
filled  with  0.9%  NaCl  in  distilled  water  and  secured  against  the  aper¬ 
ture.  The  length  and  diameter  of  the  model  were  15.5  and  2.25  cm,  and 
the  mass  was  62  g.  A  Vitek  temperature  probe  suspended  at  the  geometric 
center  of  the  model  was  used  to  measure  the  temperature  rise.  IR  expo¬ 
sures  for  10  min  at  10.71  mW/sq  cm  yielded  a  temperature  rise  of  0.9  deg 
C,  which  corresponded  to  an  SAR  of  6.3  W/kg  or  0.59  W/kg  per  mW/sq  cm. 

RFR  SARs  were  similarly  determined,  but  with  a  saline-filled  cylin¬ 
drical  model  of  length  15.9  cm,  diameter  5.8  cm,  and  mass  420  g,  values 
which  corresponded  more  closely  to  the  mass  and  profile  of  the  part  of 


the  human  forearm  exposed  through  the  aperture.  The  model  was  exposed 
at  70  mW/sq  cm  until  a  rise  of  exactly  0.5  deg  C  was  attained,  which 
required  394  seconds.  From  these  values,  the  calculated  SAR  was  5.31 
W/kg  or  0.076  W/kg  per  raW/sq  cm  (not  0.74  raicrowatt/g  per  mW/sq  cm  as 
stated  in  the  text).  The  power  incident  on  the  model,  obtained  by 
multiplying  70  mW/sq  cm  by  the  profile  area  exposed  through  the  15-cm 
aperture  (about  88  sq  cm),  was  6.16  W.  The  rate  of  energy  absorption  in 
the  model  was  2.23  W  or  only  about  36%  of  the  incident  power,  i.e., 
about  64%  of  the  incident  power  was  scattered. 

The  ranges  of  power  densities  used  were  0-70  mW/sq  cm  in  5-mW/sq-cm 
steps  for  RFR,  and  0-5.5  mW/sq  cm  in  0.5  mW/sq-cm  steps  for  IR.  On-off 
switching  of  the  RFR  was  done  at  the  source.  However,  IR  switching  was 
done  with  a  manually  operated  shutter  because  of  the  long  rise  time  of 
the  source  lamps. 

Three  men  and  three  women  were  the  subjects  for  the  RFR  experiment  and 
two  of  each  gender  participated  in  the  IR  experiment.  The  profile  of 
each  subject's  forearm  within  a  15-cm  aperture  was  drawn,  and  the  area 
within  the  profile  was  measured  with  a  planimeter.  The  trials  were  con¬ 
ducted  with  the  subject  in  the  dark,  and  lighting  of  a  bulb  before  each 
trial  signaled  the  subject  to  place  the  arm  in  the  appropriate  position. 
The  10-second  exposure  was  done  within  5-15  seconds  of  the  signal,  after 
which  the  experimenter  elicited,  via  an  intercom  system,  a  yes  or  no 
from  the  subject  regarding  perception  of  the  stimulus. 

Thresholds  for  perception  of  RFR  and  IR  were  ascertained  by  the  random 
double-staircase  method  (Cornsweet,  1962),  in  which  the  stimulus  level 
to  be  presented  during  a  given  trial  was  determined  as  follows:  If  the 
subject  reported  perception  of  the  stimulus  in  the  preceding  trial,  the 
stimulus  level  was  lowered  by  a  randomly  determined  multiple  of  steps 
("stairs");  if  the  subject  responded  negatively,  the  level  was  raised 
similarly.  The  randomness  of  the  size  of  the  multiples  precluded  dis¬ 
covery  by  the  subject  of  any  pattern  of  successive  stimuli.  This  pro¬ 
cedure  was  continued  until  13  transitions  (reversals  of  intensity  di¬ 
rection)  occurred,  and  the  threshold  was  defined  as  the  mean  of  stimulus 
intensities  over  the  final  10  transitions. 

The  RFR  and  IR  threshold  data  and  forearm  profile  area  for  each  sub¬ 
ject  were  tabulated,  and  the  means  were  calculated  separately  for  the 
men  and  women.  The  mean  thresholds  for  RFR  perception  by  the  men  and 
women  were  respectively  25.27  and  28.88  mW/sq  cm,  a  nonsignificant 
difference.  Their  IR  thresholds  were  1.48  and  2.00  raW/sq  cm,  also  a 
nonsignificant  difference.  However,  the  Pearson  product-moment  cor¬ 
relation,  r,  between  the  RFR  and  IR  thresholds  for  all  6  subjects  (with¬ 
out  regard  to  gender)  was  high  (r-0.97)  and  reliable  (p<0.02).  The  mean 
profile  areas  for  the  men  and  women  were  122.67  and  91.33  sq  cm,  respec¬ 
tively,  a  significant  difference,  but  the  correlation  between  threshold 
power  density  and  profile  area  was  only  0.26  ( p< 0 . 1 )  for  RFR  and  0.62 
( p>0 . 1 )  for  IR . 


The  range  of  RFR  thresholds  over  all  6  subjects  was  28.85  (from  15.40 


to  44.25)  mW/sq  cm,  with  a  grand  mean  of  26.74  mW/sq  cm.  The  deviance, 
defined  aj  the  ratio  of  range  to  grand  mean  and  used  as  an  index  of  in¬ 
stability,  was  108%.  The  range  of  IR  thresholds  for  the  four  subjects 
was  1.10  (from  1.45  to  2.55)  mW/sq  cm,  with  a  grand  mean  of  1.74  mW/sq 
cm  for  a  deviance  of  63%.  Thus,  the  grand  mean  RFR  power-density 
threshold  was  about  15  times  higher  than  the  IR  threshold.  None  of  the 
four  subjects  exposed  to  both  RFR  and  IR  reported  any  difference  in  sen¬ 
sory  quality  between  the  two  stimuli. 


The  threshold  RFR  energy  absorbed  by  each  subject  during  a  10-second 
exposure  was  calculated  from  the  threshold  incident  power  density,  the 
exposed  forearm  area,  and  the  dosimetric  data  from  the  saline  models 
(with  an  absorption  efficiency  of  0.36  as  noted  above).  The  resulting 
range  of  threshold  energies  was  9.15  (6.43  to  15.58)  J,  with  a  grand 
mean  of  10.16  J,  for  a  deviance  of  90%.  The  threshold  IR  energy  was 
similarly  calculated  (with  an  absorption  efficiency  of  1.0);  the  range 
was  0.86  (1.38-2.24)  J,  with  a  grand  mean  of  1.83  J  and  a  deviance  of 
47%.  Thus,  the  amount  of  RFR  energy  for  threshold  stimulation  was  about 
fivefold  higher  than  for  IR.  Also,  the  threshold-energy  deviance  for 
each  stimulus  was  smaller  than  its  threshold-power-density  deviance. 
Therefore,  the  authors  suggested  that  threshold  energy  absorption  is  a 
more  stable  predictor  of  just-noticeable  warming  by  either  RFR  or  IR 
than  threshold  power  density. 

Because  of  the  high  correlation  between  the  RFR  and  IR  thresholds,  the 
warmth  sensed  is  believed  by  the  authors  to  be  due  to  stimulation  of  the 
same  superficially  located  thermoreceptors  of  the  skin.  The  fifteenfold 
power-density  difference  and  the  fivefold  absorbed-energy  difference 
between  RFR  and  IR  thresholds  for  stimulation  were  ascribed  in  part  to 
the  large  scatter  (about  64%)  of  the  incident  RFR  (vs  virtually  no  IR 
scatter)  and  in  part  to  the  much  larger  penetration  depth  of  the  RFR. 

The  authors  noted  that  Hendler  (1968)  had  found  that  exposure  of  37  sq 
cm  of  the  human  forehead  to  3-GHz  RFR  (shown  as  3000  GHz,  a  typographic 
error)  for  4  seconds  required  a  mean  warmth  threshold  of  33.5  mW/sq  cm. 
By  extrapolation  of  Hendler's  data,  they  obtained  a  threshold  of  about 
27  mW/sq  cm  for  10-second  exposures,  a  value  very  close  to  the  grand 
mean,  26.7  mW/sq  cm,  found  in  this  study.  In  addition,  the  mean  IR 
threshold  (1.7  mW/sq  cm  obtained  in  this  study)  was  comparable  to  the 
human-forehead  IR  threshold  (extrapolated  to  10  seconds)  reported  by 
Hendler  et  al.  (1963). 

The  adequacy  of  the  RFR-SAR  determinations  as  described  in  this  paper 
may  be  questioned  because  use  of  a  thermal  probe  at  the  geometric  center 
of  the  saline  model  to  monitor  the  RFR-induced  temperature  rise  of  the 
water  during  a  394-second  (6.6-min)  exposure  appears  to  have  ignored  the 
variation  of  energy-absorption  rate  with  depth  or  surface  cooling.  In 
particular,  no  mention  was  made  of  any  measures  taken  to  minimize  heat 
loss  from  the  saline  model  or  of  whether  the  temperature  of  the  saline 
was  equilibrated  by  stirring  or  other  method  during  exposure.  If  such 
precautions  were  not  taken,  then  the  thresholds  of  energy -absorpt ion 
could  be  inaccurate  to  a  significant  degree.  Another  point  open  to 
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question  is  how  valid  were  the  extrapolations  of  the  threshold  curves  to 
exposures  of  10  seconds.  However,  these  comments  do  not  gainsay  the 
qualitative  findings  of  this  study. 

Justesen  et  al.  (1982)  also  performed  a  pilot  study  on  whether  the 
onset  and  offset  delays  in  perceiving  10-GHz  RFR  reported  by  Hendler  et 
al.  (1963)  would  also  occur  with  2.45-GHz  RFR.  The  forearm  of  one 
subject  was  exposed  at  70  mW/sq  cm  for  periods  varied  randomly  from  10 
to  60  seconds,  with  the  subject  required  to  signal  as  soon  as  warming 
was  perceived  and  when  it  was  no  longer  perceived.  The  onset  delay 
ranged  between  3.5  and  6.0  seconds.  The  offset  delay  usually  ranged 
from  3  to  5  seconds,  but  during  the  longer  exposures  (30  and  60 
seconds),  the  warmth  sensation  sometimes  faded  before  end  of  exposure, 
an  effect  attributed  to  sensory  adaptation.  The  authors  suggested  that 
if  this  sensory  adaptation  is  a  general  property  of  RFR-heating,  it  may 
help  account  for  the  difficulty  of  rodents  in  learning  to  escape  or 
avoid  high  levels  of  RFR,  a  subject  discussed  in  Section  3. 7. 1.1. 
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3 . 1 . 4 . 4  RFR  SHOCK  AND  BURN 


Although  it  was  known  that  RFR  can  cause  electric  shock  in  the  body  or 
burns  in  tissue  under  specific  circumstances,  specific  exposure  limits 
were  not  included  in  previous  standards  for  human  exposure  to  RFR.  Guy 
(1985),  however,  noted  that  such  effects  were  considered  in  choosing  the 
300-kHz  lower  frequency  limit  of  the  present  ANSI  (1982)  standard. 

Several  studies  were  conducted  recently  to  determine  the  RFR  levels 
and  conditions  that  could  cause  electric  shock  or  tissue  burns,  and  it 
is  now  likely  that  the  findings  of  such  studies  will  serve  as  the  basis 
for  specifying,  in  future  RFR-exposure  standards,  the  appropriate  elec¬ 
trical  parameters  and  their  maximum  permissible  levels  under  stated  ex¬ 
posure  conditions  to  avoid  such  effects. 

Rogers  (1981)  stated  the  problem  as  follows:  "When  a  person  touches  an 
electrically  energised  [sic]  object,  he  may  experience  an  adverse 
effect.  If  the  object  is  energised  by  a  radio-frequency  (rf)  source, 
the  predominant  contact  hazard  is  burning  of  tissue  at  the  point  of 
contact  and  arises  when  the  current  drawn  from  the  object  exceeds  a 
certain  value.  This  rf  burn  hazard  exists  on  various  transmitting 
aerials  and  simple  precautions  can  be  taken  to  avoid  it.  However,  such 
a  hazard  can  also  arise  on  metallic  objects  excited  by  radiation  from 
transmitting  aerials  in  their  vicinity  and  this  paper  is  devoted  to  this 
aspect . " 

In  that  paper,  a  simple  apparatus  ("RF  Burn  Hazard  Meter")  was  des¬ 
cribed  to  measure  the  RF  currents  passing  through  a  human  in  shoes 
standing  on  a  ground  plane.  Part  of  the  apparatus  consisted  of  a  brass 
tube  excited  by  an  RF  source,  with  the  source  connected  to  the  ground 
plane.  When  the  subject  touched  the  tube  with  a  finger,  a  loop  consist¬ 
ing  of  the  source,  tube,  body  of  the  subject,  and  ground  plane  was 
closed  to  form  the  primary  of  a  current  transformer  (single  turn).  The 
rest  of  the  apparatus  was  the  transformer  secondary  winding  and  its  con¬ 
nections  via  diode  detectors,  resistors,  and  capacitors  to  a  dc  current 
meter.  Using  this  apparatus,  the  current  levels  that  yielded  a  barely 
perceptible  sensation  ("perception"  current)  and  that  caused  discomfort 
("let-go"  or  "hazard"  current)  were  measured  for  frequencies  in  the  MF 
(0.3-3  MHz)  and  HF  (3-30  MHz)  bands. 

The  author  indicated  that  the  perception  current  and  let-go  current 
for  contact  with  the  tip  of  the  forefinger  were  both  about  twice  those 
for  contact  with  the  back  of  the  forefinger,  and  were  even  higher  for 
large-area  contact  with  the  palm.  The  results  for  50  persons  tested 
(with  the  back  of  the  forefinger)  showed  a  mean  hazard  threshold  current 
of  about  200  mA  for  the  band  2-20  MHz. 

The  paper  was  devoted  primarily  to  possible  shipboard  hazards  to 
humans  from  metallic  structures  in  the  vicinity  of  onboard  radiating 
antennas.  Included  were  measured  and  calculated  data  for  various 
structures  and  distances.  The  author  concluded:  "The  measurements  des¬ 
cribed  indicate  an  rf  burn  hazard  threshold  of  about  200  mA  for  the  HF 
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band  and  show  that  many  shipboard  structures  can  be  excited  sufficiently 
by  own  ship  transmissions  in  this  band  to  present  rf  burn  hazards  to 
personnel.  They  show  also  that  cranes  can  be  potent  sources  of  rf  burn 
hazards... It  is  to  be  noted  that  rf  burn  hazards  are  present  on  struc¬ 
tures  when  irradiated  at  field  strengths  much  lower  than  the  maximum 
permissible  for  human  exposure.  For  example  the  measurements  on  the 
crane  reported  above  show  that  the  electric  field  for  rf  burn  hazard 
threshold  is  about  10  V/m  compared,  for  example,  to  the  American 
National  Standards  Institute  for  the  band  3-30  MHz."  [The  author  was 
referring  to  the  ANSI  (1974)  standard,  which  specified  a  maximum 
electric  field  of  200  V/m  for  the  frequency  range  10  MHz  to  100  GHz]. 

Gandhi  and  Chatterjee  (1982)  used  the  quasi-static  approximation 
(Deno,  1974;  Bracken,  1976)  to  calculate  the  short-circuit  currents 
induced  in  metallic  objects  (a  2.44-m  x  1.22-m  metal  roof,  a  50-ft  metal 
fence,  a  compact  car,  and  a  fork-lift  truck)  and  in  a  human  (height  1.75 
m,  mass  68  kg),  when  each  object  is  in  a  vertically  polarized  electric 
field  at  frequencies  in  the  range  10  kHz  to  10  MHz,  and  with  each  object 
assumed  to  be  isolated  from  ground  by  5  cm  of  insulation.  They  then 
calculated  the  incident  electric  fields  necessary  to  produce  threshold- 
perception  and  let-go  currents  for  a  human  in  conductive  finger  contact 
with  each  object  The  threshold-perception  current  was  defined  as  the 
smallest  current  that  produces  a  tingling  or  pricking  sensation  due  to 
nerve  stimulation.  The  authors  noted  that  the  sensation  changes  from 
tingling  to  internal  heat  at  frequencies  above  about  100-200  kHz.  Let- 
go  current  was  defined  as  the  maximum  value  at  which  a  human  can  still 
release  an  energized  conductor  with  muscles  directly  stimulated  by  that 
current . 

The  authors  used  the  experimental  data  on  human  perception-threshold 
and  let-go  currents  of  Dalziel  and  Mar.sfield  (  1950),  Dalziel  and  Lee 
(1969),  and  Rogers  (1981)  for  their  calculations.  These  data  were 
reproduced  as  log-log  plots  of  percept  ion-threshold  and  let-go  currents 
vs  frequency.  The  perception-threshold  current  showed  a  linear  rise 
from  about  0.4  raA  at  10  kHz  to  about  1*  mA  at  150  kHz,  with  a  slower 

rise  to  about  100  mA  at  20  MHz.  The  let-go  current  also  showed  a  linear 

rise,  from  6.4  raA  at  10  kHz  to  about  85  raA  at  150  kHz,  and  a  slower 

linear  rise  to  about  200  raA  at  20  MHz. 

By  using  the  value  of  capac  it ance-to-ground  for  each  object  and  ratio 
of  its  electrostatically  coupled  short-circuit  current  to  the 
unperturbed  vertical  field  measured  at  60  Hz  (Deno,  1974;  Bracken, 

1976),  Gandhi  and  Chatterjee  (1982)  obtained  the  effective  area  (S)  and 
height  fh)  of  the  object.  They  assumed  that  these  values  of  S  and  h  are 
also  reasonably  valid  for  frequencies  in  the  range  10  kHz  to  3  MHz 
because  the  fields  are  quasi-static  for  objects  of  largest  dimension 
much  smaller  than  the  free-space  wavelength. 

Log-log  plots  of  the  calculated  values  of  unperturbed  electric  field 
'E;  necessary  to  create  t h resho 1 d - pe rcept ion  and  let-go  currents  in  a 
human  in  finger  contact  with  each  object  were  presented.  For  each 
object,  E  for  threshold  perception  was  constant  in  the  range  approxi- 


mately  10-100  kHz:  about  250,  160,  80,  and  20  V/ra  for  the  roof,  fence, 
car,  and  truck,  respectively;  in  tht^  range  10  kHz  to  10  MHz,  E  for  the 
car  and  truck  did  not  change  substantially  but  those  for  the  roof  and 
fence  decreased  to  about  35  and  20  V/m  at  10  MHz,  respectively.  The 
plots  of  E  for  let-go  current  vs  frequency  were  similar:  the  plateaus 
for  the  roof,  fence,  car,  and  truck  in  the  range  10-100  kHz  were  about 
1040,  850,  440,  and  110  V/m,  respectively,  with  diminution  for  the  roof 
and  fence  to  less  than  100  V/ra  at  10  MHz  and  smaller  decreases  for  the 
car  and  truck. 

The  authors  stated:  "A  simple  analysis  based  on  the  equivalent  circuit 
representation  of  a  human  in  conductive  contact  with  an  ungrounded,  me¬ 
tallic  object  in  a  quasi-static  HF  field  points  out  that  there  may  be 
situations  where  the  thresholds  of  perception  and  let-go  can  be  exceeded 
for  fields  considerably  lower  than  the  ANSI  recommended  guideline  of  615 
[sic]  V/m,  the  far-field  equivalent  E-field  associated  with  a  power 
density  of  100  mW/sq  cm  in  the  frequency  band  0.3  to  3.0  MHz  [ANSI, 
1982]... The  above  effects  will  not  occur  if  the  conducting  objects  are 
grounded  or  insulated  at  the  points  of  possible  contact." 

Chatterjee  et  al.  (1986)  measured  the  complex  body  impedance  (magni¬ 
tude  and  phase)  and  the  threshold  currents  for  perception  and  pain  for 
197  men  and  170  women  of  ages  between  18  and  70  years  for  the  frequency 
range  10  kHz  to  3  MHz.  They  defined  the  threshold-perception  current 
for  pain  as  the  smallest  current  for  which  the  subject  reported  "very 
uncomfortable  sensations  (similar  to  but  more  intense  than  that  for 
perception)  for  which  he/she  will  definitely  not  continue  to  touch  the 
electrode  any  more." 

Mean  body- impedance  data  (and  SDs)  vs  frequency  for  barefoot  subjects 
standing  on  a  ground  plane  and  grasping  a  brass-rod  electrode  that  was 
insulated  from  the  ground  plane  were  shown  separately  for  men  and  women. 
Both  the  magnitude  and  the  phase  decreased  monotonically  with  frequency, 
but  at  corresponding  frequencies,  the  impedance  magnitude  for  women  was 
significantly  higher  than  for  men.  At  10  kHz,  for  example,  the  mean 
values  for  women  and  men  were  respectively  about  630  and  520  ohms.  The 
difference  in  mean  phase  at  each  frequency  was  not  significant.  The 
results  for  the  subjects  when  they  used  an  index  finger  moistened  with 
0.9Z  saline  to  touch  a  metal-plate  electrode  insulated  from  the  ground 
plane  were  qualitatively  similar,  but  of  much  higher  magnitudes,  about 
1900  and  1700  ohms  at  10  kHz,  respectively. 

For  men,  the  mean  threshold-perception  currents  for  finger  contact 
rose  linearly  with  frequency  from  about  4  mA  at  10  kHz  to  about  40  mA  at 
100  kHz  and  remained  at  the  latter  value  from  100  kHz  to  3  MHz.  The 
curve  for  women  was  parallel  to  that  for  men,  but  about  25X  lower;  by 
analysis  of  variance,  the  difference  was  highly  significant.  The  re¬ 
sults  for  grasping  contact  were  similar.  The  curves  of  finger-contact 
threshold  currents  for  pain  vs  frequency  also  rose  roughly  linearly  to 
maxima  at  about  100  kHz,  but  diminished  slightly  with  frequency  in  the 
range  100  kHz  to  3  MHz.  At  10  kHz,  the  mean  pain-threshold  currents  for 
men  and  women  were  respectively  about  10  and  6.5  mA,  but  their  maxima  at 
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100  kHz  were  nearly  the  same,  about  14.5  mA.  The  authors  noted  that  the 
values  of  threshold  current  for  10-year-old  children  can  be  obtained 
from  those  for  male  adults  by  using  a  scaling  factor  of  about  60%. 

The  sensation  reported  by  the  367  men  and  women  for  frequencies  below 
100  kHz  was  tingling  or  pricking,  localized  in  the  area  adjacent  to  the 
region  of  contact  on  the  finger  or  hand;  for  frequencies  above  100  kHz 
and  finger  contact  with  the  plate  electrode,  the  sensation  was  warmth  or 
heat  in  the  area  below  and  around  the  plate  electrode;  with  grasping 
contact,  warmth  or  heat  was  felt  in  the  hand  and  wrist.  To  determine 
more  accurately  the  frequency  for  transition  from  tingling  to  warmth, 
data  were  obtained  for  some  subjects  at  50  and  70  kHz.  At  50  kHz,  the 
sensation  reported  was  always  tingling,  but  at  70  kHz,  some  subjects 
reported  tingling  and  others  warmth.  Moreover,  when  the  current  was 
raised  slightly  for  those  who  reported  tingling,  the  sensation  changed 
to  warmth.  In  addition,  for  frequencies  above  100  kHz  at  which  warmth 
was  felt,  when  the  current  was  adjusted  to  be  equal  to  the  perception 
threshold,  pain  was  reported  typically  within  10-20  seconds,  an  effect 
that  was  not  observed  for  frequencies  below  100  kHz. 

Also  determined  in  this  study  were  the  short-circuit  currents,  at 
local  AM  broadcast  stations  (operating  at  630,  700,  and  1500  kHz)  and  at 
Coast  Guard  and  Navy  communication  antenna  sites  in  Hawaii  (operating  at 
13.6.  23.4,  146,  and  3105  kHz),  induced  in  humans  while  barefoot  or 
wearing  safety,  leather-soled,  or  rubber-soled  street  shoes;  the  short- 
circuit  currents  induced  in  various  vehicles;  and  the  currents  induced 
in  humans  in  contact  with  these  vehicles.  Among  the  findings  were  that 
electrical  safety  shoes  and  gloves  respectively  provide  protection  that 
is  adequate  only  at  frequencies  less  than  about  1  and  3  MHz.  The 
measurements  of  induced  short-circuit  current  showed  reductions  to  55Z 
of  the  barefoot  values  with  rubber-soled  shoes,  631  with  safety  shoes, 
and  85%  with  leather-soled  shoes. 

The  mean  body  impedances  and  threshold-perception  currents  were  used 
to  calculate  the  E-fields  for  threshold  perception  by  grounded  humans  in 
finger  contact  with  a  compact  car,  van,  and  school  bus,  and  the  results 
for  adult  males  and  10-year-old  children  were  plotted  vs  frequency  in 
one  set  of  graphs,  and  for  adult  females  in  another  set.  Similar  sets 
of  curves  were  obtained  for  threshold-perception  E-fields  with  grasping 
contact.  Also  presented  were  similar  sets  of  curves  of  the  threshold  E- 
fields  for  pain  vs  frequency  for  finger  contact  with  such  vehicles. 

The  threshold-perception  curves  for  finger  contact  by  men,  women,  and 
children  were  all  entirely  below  632  V/m,  the  value  recommended  in  ANSI 
(1982)  for  the  range  0. 3-3.0  MHz,  with  peaks  at  approximately  100  kHz  in 
ascending  order  respectively  for  the  school  bus,  van,  and  compact  car. 
(The  curves  for  the  bus  and  van  crossed  at  frequencies  above  100  kHz.) 
Thus,  currents  from  all  three  vehicles  could  be  sensed  at  fields  smaller 
than  those  recommended  by  ANSI  for  the  range  0. 3-3.0  MHz.  For  grasping 
contact,  the  school-bus  threshold-perception  curves  for  all  three  groups 
were  also  below  the  ANSI  value  over  the  entire  frequency  range;  those 
for  the  other  vehicles  were  below  that  level  except  within  frequency 


ranges  of  various  sizes  encompassing  their  respective  peaks  at  100  kHz. 
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The  curves  of  pain-threshold  E-field  for  finger  contact  with  each  type 
of  vehicle  were  entirely  below  632  V/m  except  for  the  curve  for  men  in 
contact  with  the  compact  car.  That  curve  exceeded  632  V/m  in  the  range 
approximately  10-80  kHz,  with  a  maximum  of  about  850  V/m  at  30  kHz.  All 
the  other  curves  also  had  broader  maxima  at  frequencies  less  than  100 
kHz  than  those  at  100  kHz  for  threshold  perception. 


The  authors  had  measured  the  capacitance-to-ground  of  a  GMC  van  that 
was  well  insulated  from  ground  at  a  local  AM  broadcasting  station 
operating  at  700  kHz.  The  result  was  1045  pf ,  which  they  used  in  a 
calculation  of  the  current  through  the  hand  of  a  grounded  human  in 
conductive  contact  with  the  handle  of  such  a  van  within  a  3-MHz,  632-V/m 
field  and  obtained  879  mA.  Based  on  this  result  and  on  an  effective 
cross-sectional  area  of  11.1  sq  cm  for  the  wrist,  they  estimated  that 
the  corresponding  local  SAR  in  the  wrist  would  be  about  1045  W/kg. 


The  results  of  this  study  were  presented  in  considerably  more  detail 
in  a  final  report  by  Gandhi  et  al .  (1985a).  The  very  high  SAR  value 
above  for  the  wrist  was  not  mentioned.  However,  given  in  Appendix  B  of 
that  report  (although  not  directly  related  to  possible  shock  and  burn 
hazards  from  contact  with  metallic  objects)  were  formulas  for  calcula¬ 
ting  local  SARs  in  cross  sections  of  the  human  leg  (ankles,  just  below 
and  above  the  knee,  and  two  other  thigh  locations)  for  a  human  (barefoot 
and  with  safety  shoes)  immersed  in  a  vertical  field  at  the  levels  speci¬ 
fied  in  ANSI  (1982)  for  the  range  0.3-30  MHz.  (These  levels  are  632  V/m 
for  the  frequencies  f  less  than  0.3  MHz  and  1897/f  for  f  in  the  range  3- 
30  MHz. ) 


The  formulas  include  the  currents  induced  in  the  bodies,  derived  by 
the  quasi-static  approximation,  and  the  effective  cross-sectional  areas 
of  interest,  derived  from  the  geometric  areas  and  specific  conductivi¬ 
ties  of  the  tissues  involved.  Also  presented  were  experimentally  deter¬ 
mined  human  values  of  normalized  current  ( in  mA  per  V/m)  that  demonstra¬ 
ted  the  validity  of  the  quasi-static  approximation  to  frequencies  up  to 
about  40  MHz.  With  these  formulas,  calculations  based  on  assuming  that 
half  the  body  current  flows  through  each  leg  indicated  that  SARs  as  high 
as  182  W/kg  could  occur  in  the  ankle  region.  These  results  were  also 
published  (Gandhi  et  al.,  1985b). 


Guy  and  Chou  (1985)  performed  an  extensive  study  on  possible  hazards 
to  humans  from  exposure  to  fields  in  the  VLF-MF  (10  kHz  to  3  MHz)  range, 
directed  principally  toward  quantitation  of  thresholds  and  establishment 
of  safety  standards  against  such  hazards.  They  noted  that  though  SAR  is 
generally  used  to  quantify  internal  energy  absorption,  other  quantities 
may  be  more  important  in  the  VLF-MF  band  for  this  purpose,  because  the 
amounts  of  energy  absorbed  by  humans  exposed  to  fields  in  that  frequency 
range  are  relatively  low  but  can  cause  direct  neuromuscular  effects  from 
electric  shock,  and  local  tissue  damage  may  result  from  electric  contact 
between  the  subject  and  metallic  objects  in  the  field.  In  addition  to 
SAR,  the  important  quantities  include  total  electric  current,  I,  in  the 


body  resulting  from  exposure  while  in  contact  with  objects  or  surfaces 
in  free  space  and  current  density,  J,  through  various  cross  sections  of 
the  body. 

The  authors  also  noted  that  maximum  energy  coupling  occurs  when  the 
longest  dimension  of  the  body  is  parallel  to  the  electric  vector,  and 
that  for  exposure  in  this  orientation  to  plane  waves  and  most  VLF-MF 
antenna  sources,  absorption  from  the  magnetic  component  is  more  than  an 
order  of  magnitude  smaller  than  absorption  from  the  electric  component, 
so  any  restrictions  on  e lect r ic- f ie Id  exposure  will  ensure  restrictions 
on  the  corresponding  magnetic  fields  that  are  more  conservative  by  at 
least  a  factor  of  ten. 

In  this  report,  the  prior  work  on  possible  shock  and  burn  hazards  was 
reviewed,  and  vast  quantities  of  experimental  and  calculated  data  were 
presented,  including: 

1)  Impedances  for  humans  and  various  vehicles,  and  for  humans  in  contact 
with  such  vehicles  under  various  ground  conditions. 

2)  Measurements  of  open-circuit  voltage  and  short-circuit  current  for 
humans  and  vehicles  in  high-strength  electric  fields,  with  the  humans 
barefoot  or  wearing  standard  leather-soled  shoes,  standard  rubber-soled 
shoes,  sandals,  or  stockings. 

3)  Impedance  distributions  along  the  axis  of  the  body  and  limbs  vs 
frequency  for  275  adult  men  and  women  of  various  ages,  shapes,  and 
sizes. 

4)  Weights  and  heights  of  the  populations  above,  and  circumference  and 
diameter  of  middle  finger,  legs,  arms,  torso,  shoulders,  neck,  and  head 
at  5-cm  intervals  along  their  body  and  limb  axes. 

5)  Thresholds  for  electrical-stimulation  perception  vs  frequency  for  the 
finger,  arm,  and  ankle. 

6)  Threshold  currents  and  current  densities  for  perception  of  electric 
shock  by  the  ave rage  -  sens  i  t  ive ,  0 . 5- pe rc ent  i  1 e  least-sensitive,  and  0.5- 
percentile  most -sens  it  ive  subpopulations. 

7)  Induced  body  currents,  current  densities,  SAR  distributions,  and 
average  SARs  in  all  parts  of  the  bodies  of  some  subjects  in  the  low-, 
medium-,  and  high-weight  ranges  for  exposure  to  fields  under  various 
conditions,  including:  free  space,  feet  grounded,  hand  grounded,  and 
hand  in  contact  with  an  object  drawing  1  mA  of  current. 

8)  Current  flow  in  the  bodies  of  subjects  when  in  contact  with  various 
vehicles  in  VLF  and  MF  fields  at  field  strengths  measured  from  ground 
level  to  a  height  of  7  ft. 


9)  Human  exposures  at  the  following  sites  to  the  frequencies  indicated: 

10.2  kHz  Haiku,  HI 

23.4  kHz  Lualualei,  HI 

24.8  kHz  Jim  Creek,  WA 

146  kHz  Lualualei,  HI 

1  MHz  KOMO  Radio,  Vashon  Island,  WA 

An  important  finding  was  that  highest  local  SARs  occur  in  the  ankles 
of  the  subjects,  a  result  also  found  by  Gandhi  et  al.  (1985a).  In  the 
rationale  of  the  ANSI  (1982)  guidelines,  exposures  at  maximum  local 
spatial  SARs  as  high  as  8  W/kg  (averaged  over  any  gram  of  tissue  and 
over  any  0.1-hr  period)  would  be  permitted,  provided  that  the  whole- 
body-averaged  SAR  does  not  exceed  0.4  W/kg.  In  this  context,  Guy  and 
Chou  (1985)  noted  that  exposure  to  fields  in  the  VLF-MF  range  would  have 
to  be  restricted  to  97  V/ra  to  avoid  exceeding  the  8-W/kg  limit. 

In  their  conclusions,  Guy  and  Chou  (1985)  stated:  "At  the  present  time 
this  study  is  far  from  complete  and  will  require  additional  work  before 
any  final  conclusions  can  be  made  concerning  safety  guidelines  for  the 
VLF-MF  frequency  range."  They  also  noted:  "Based  on  the  measurements 
carried  out  under  this  contract,  it  appears  that  not  enough  attention 
has  been  placed  on  spark  discharge  hazards.  This  type  of  insult  can 
produce  a  very  unpleasant  stimulus  and  an  involuntary  startle  reaction 
which  can  occur  at  exposure  fields  much  less  than  that  required  to 
produce  a  perceived  steady  state  current." 

In  a  presentation,  Guy  (1985)  summarized  the  work  described  in  Guy  and 
Chou  (1985)  as  well  as  that  of  other  investigators  on  this  topic. 

As  suggested  at  the  beginning  of  this  section,  exposure  standards 
under  development,  and  specifically  the  1987  ANSI  standard,  will 
undoubtedly  include  maximum  permissible  levels  in  the  VLF-MF  range  for 
avoidance  of  shock  and  burn  hazards. 
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3.2  MUTAGENESIS,  CYTOGENETIC  EFFECTS,  AND  CARCINOGENESIS 


Various  studies  have  been  carried  out  on  a  variety  of  plants  and 
animals  to  determine  whether  RFR  induces  mutagenic  or  cytogenetic 
effects.  The  fruit  fly  (Drosophila  raelanogaster )  and  several  types  of 
microorganisms  have  been  used  in  tests  for  such  RFR  effects  because  of 
short  life  spans  that  permit  the  study  of  many  generations,  the  avail¬ 
ability  of  well-characterized  mutation-prone  strains  in  large  numbers, 
and  the  existence  of  baseline  data  on  such  strains  for  various  non-RFR 
mutagenic  agents.  Studies  of  possible  mutagenic  effects  of  RFR  in 
mammals  and  selected  mammalian  tissues  have  been  conducted  as  well. 

Also  discussed  in  this  section  are  investigations  for  possible  cancer 
induction  in  animals  by  RFR  because  carcinogenesis  and  mutagenesis  are 
statistically  correlated,  i.e.,  agents  found  to  be  mutagenic  for  the 
bacterium  Salmonella  typhiraurium  are  also  likely  to  be  carcinogenic 
(Ames  et  al.,  1975;  Ames,  1979). 

3.2.1  MICROORGANISMS  AND  FRUIT  FLIES 

Blackman  et  al.  (1976)  grew  cultures  of  bacterium  Escherichia  coli  WWU 
strain  for  90  min  at  37  deg  C  to  attain  the  logarithmic  growth  phase. 

The  WWU  strain  was  used  because  it  needs  thymidine,  uridine,  proline, 
arginine,  methionine,  and  tryptophan  in  the  nutrient  medium  for  growth. 
WWU-strain  cells  that  are  able  to  grow  in  the  absence  of  any  of  these 
constituents  are  mutants. 

In  this  study,  standardized  concentrations  of  cultures  in  log  phase 
were  deposited  for  further  growth  on  plates  that  had  either  of  two 
media,  one  containing  arginine  and  the  other  lacking  it.  Such  plates 
were  placed  on  a  stand  in  the  temperature-controlled  anechoic  chamber  of 
the  larger  of  two  systems  described  in  Elder  and  Ali  (1975)  and  exposed 
from  above  at  35  deg  C  to  1.70-GHz  or  2.45-GHz  CW  RFR  for  durations 
ranging  from  3  to  4  hours.  The  durations  encompassed  at  least  one  full 
DNA  replication  cycle,  to  ensure  that  each  part  of  the  genome  was 
replicated,  and  the  total  survival  rate  and  concentrations  of  mutant 
cells  were  assayed  before  and  after  RFR  exposure.  Thus,  RFR-induced 
mutation  of  WWU  cells  to  arginine  independence  was  the  only  variable 
tested . 

Because  of  limitations  in  1.70-GHz  source  power,  the  exposures  to  that 
frequency  were  done  in  the  near  field,  at  88  V/m.  The  equivalent  free- 
space  power  density  was  2.05  mW/sq  cm  and  the  SAR,  estimated  from  probe 
measurements,  was  3  W/kg.  The  exposures  to  2.45-GHz  RFR  were  at  far- 
field  power  densities  of  10  and  50  mW/sq  cm.  By  calorimetry,  the  SARs 
were  15  and  70  W/kg.  Controls  were  cultures  wrapped  in  aluminum  foil 
for  shielding  and  placed  on  the  stand  with  the  cultures  to  be  exposed. 

Cultures  of  E.  coli  WWU  were  exposed  to  ultraviolet  (254-nm)  light 

(UV),  a  known  mutagen,  at  doses  up  to  110  J/sq  m  and  were  assayed  for 

1  survival  and  arginine-mutation  induction  as  a  positive  control.  The 

i  background  mutation  rate  was  determined  in  separate  experiments  in  which 
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cultures  were  maintained  at  35  deg  C  in  an  incubator,  to  simulate  the 
temperature  conditions  during  RFR  exposure.  A  serailog  plot  of  the 
concentration  of  mutations  vs  UV  dose  showed  an  increase  from  100  (per 
100  million  cells)  at  0  J/sq  m  to  about  500  at  20  J/sq  m,  but  only  a 
slight  decrease  in  survival  percentage  over  that  dose  range.  (Both 
endpoints  decreased  exponentially  with  dose  at  higher  doses.) 

The  growth  in  total  cell  populations  in  the  arginine-containing  and 
arginine-lacking  media  during  RFR-  and  sham-exposure  were  expressed  as 
mean  numbers  of  cell  doublings  relative  to  the  initial  populations,  and 
were  compared  by  Student's  2-tailed  t-test.  Also  compared  were  the 
concentrations  of  arginine-independent  mutants  in  these  populations. 

The  differences  in  both  endpoints  between  cultures  exposed  to  1.7-GHz 
RFR  at  88  V/m  (3  W/kg)  and  sham-exposed  were  nonsignificant  (p>0.05). 
This  was  also  true  for  cultures  exposed  to  2.45-GHz  RFR  at  10  mW/sq  cm 
(15  W/kg)  for  3.5  hr  or  at  50  mW/sq  cm  (70  W/kg)  for  3.2  hr.  However, 
exposure  of  cultures  to  2.45-GHz  RFR  at  50  mW/sq  cm  (70  W/kg)  for  4.0  hr 
yielded  3.5  +/-  0.2  (SD)  cell  doublings  vs  2.7  +/-  0.2  for  the  sham- 
exposed  cultures  (3  samples  each),  a  significant  increase  (p<0.01);  the 
respective  concentrations  of  mutant  cells  (per  100  million  cells)  were 
19  +/-  5  and  29  +/-  0.5,  a  significant  decrease  (p<0.05). 

The  authors  noted  that  cultures  grown  at  35  deg  C  for  3.5  hr  exhibited 
increases  in  total  populations  but  decreases  in  relative  numbers  of  mu¬ 
tant  cells  and  that  cultures  exposed  to  RFR  under  the  same  temperature 
conditions  in  a  previous  study  (Blackman  et  al.,  1975,  discussed  in 
Section  3.8.3)  showed  a  slight  increase  in  temperature  that  brought  them 
closer  to  their  optimal  growth  temperature.  Therefore,  they  regarded 
the  significant  growth  increase  and  reduction  in  relative  numbers  of 
mutants  above  as  a  solely  thermal  effect. 

Dutta  et  al.  (1979)  sought  possible  mutagenic  effects  of  RFR  exposure 
in  strains  TA1535,  TA100,  and  TA98  of  bacterium  Salmonella  typhimurium, 
prokaryotes  (not  possessing  true  nuclei)  frequently  used  for  testing  of 
base-pair  substitutions  (TA1535  and  TA100)  and  frame-shift  alterations 
(TA98),  and  in  the  diploid  strain  D4  of  yeast  Saccharomyces  cerevisiae, 
a  primitive  eukaryote  (possessing  a  true  nucleus)  having  intermediate 
genome  complexity  between  prokaryotic  and  mammalian  eukaryotic  cells  and 
often  used  to  test  for  genetic  conversion  and  mitotic  recombination. 

Cultures  of  Salmonella  in  log  phase  were  exposed  for  90  min  to  2.45- 
GHz  CW  RFR  at  20  mW/sq  cm  (40  W/kg)  in  the  Elder  and  Ali  (1975)  anechoic 
chamber  at  37.0  +/-  0.5  deg  C  or  to  several  frequencies  of  pulsed  RFR 
(1-microsecond  pulses  at  1000  pps)  in  the  range  8. 5-9. 6  GHz  at  average 
power  densities  in  the  range  1-45  mW/sq  cm  within  a  similar  chamber  at 
35.0  +/-  0.5  deg  C.  The  SARs  for  2.45  GHz  were  determined  as  described 
by  Allis  et  al.  (1977),  but  whether  SAR  determinations  were  made  for 
8. 5-9. 6  GHz  was  not  discussed.  Also  exposed  to  the  same  levels  of  CW  or 
pulsed  RFR  were  cultures  of  the  yeast  in  log  phase,  but  for  120  rain  at 
30  or  29  deg  C,  respectively. 

Results  were  expressed  in  terms  of  the  genetic-activity  index  (GAI), 
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defined  as  the  ratio  of  the  frequency  of  genetic  events  in  the  treated 
population  to  the  frequency  in  the  control  population,  an  index  derived 
from  published  positive-control  experiments  with  the  chemical  mutagen 
ethyl  methanesulf onate .  Based  on  previous  observations,  the  authors 
noted  that:  values  of  GAI  not  exceeding  unity  signify  no  RFR-induced 
mutagenesis,  values  between  1.0  and  2.0  are  in  the  normal  fluctuation 
range,  values  between  2.0  and  3.0  are  "suspect,"  and  values  exceeding 
3.0  definitely  indicate  RFR-induced  mutagenesis. 

The  exposure  of  the  yeast  to  2.45-GHz  RFR  at  20  mW/sq  cm  (40  W/kg)  for 
120  min  yielded  mean  frequencies  of  genetic  events  that  differed  little 
from  those  for  the  control  cultures  (1.1  vs  1.0  conversions  to  adenine 
independence  per  100  thousand  survivors  for  a  GAI  of  1.1,  and  2.4  vs  1.6 
conversions  to  tryptophan  independence  per  100  thousand  survivors  for  a 
GAI  of  1.5,  both  within  the  normal  fluctuation  range.)  Exposure  of  Sal¬ 
monella  at  this  RFR  level  for  90  min  also  yielded  essentially  the  same 
frequencies  as  control  cultures  (10  vs  11  conversions  to  histidine  in¬ 
dependence  per  100  million  survivors). 

In  Table  2  of  the  paper,  results  for  exposure  of  the  yeast  to  9.0-GHz 
pulsed  RFR  at  1-45  mW/sq  cm  were  presented,  which  showed  GAIs  for  con¬ 
version  to  adenine  independence  that  varied  nonmonotonically  with  power 
density,  with  a  range  from  0.61  at  30  mW/sq  cm  to  1.17  at  45  mW/sq  cm. 
Similarly,  variation  of  conversion  to  tryptophan  independence  was  non¬ 
monotonic,  with  GAIs  that  ranged  from  0.49  at  35  mW/sq  cm  to  1.7’  at  45 
mW/sq  cm.  The  survival  rates  also  varied  nonmonotonically,  with  a  range 
from  78%  at  8.9  mW/sq  cm  to  100%  at  5.0  and  15  mW/sq  cm.  However,  there 
was  a  decreasing  trend  with  increasing  power  density,  related  to  large 
rises  in  culture  temperature  (at  least  12  deg  C  at  45  mW/sq  cm). 

Results  for  exposure  of  the  yeast  to  pulsed  RFR  of  frequencies  from 
8.5  to  9.6  GHz  at  1,  5,  and  45  mW/sq  cm  were  presented  in  Table  3.  All 
GAIs  were  less  than  2.0  except  for  9.4  GHz  at  45  mW/sq  cm,  for  which  the 
GAI  was  2.17  for  conversion  to  adenine  independence,  but  only  0.97  for 
conversion  to  tryptophan  independence.  (Noteworthy,  however,  were  the 
minor  differences  between  the  9.0-GHz  GAIs  in  Table  3  and  the  GAIs  in 
Table  2  at  the  three  corresponding  power  densities.) 

Table  4  of  the  paper  showed  results  for  exposure  of  strain  TA100  of 
Salmonella  to  pulsed  8. 5-9. 6  GHz  RFR  at  10  and  45  mW/sq  cm.  At  both 
levels,  the  GAIs  for  base-pair  substitutions  varied  nonmonotonically 
with  frequency,  ranging  from  0.61  for  9.6  GHz  to  1.38  for  8.8  GHz  at  10 
mW/sq  cm,  and  from  0.43  for  9.0  GHz  to  1.91  for  8.8  GHz  at  45  mW/sq  cm, 
but  survival  rate  at  each  frequency  was  lower  at  45  than  10  mW/sq  cm. 

In  Table  5,  the  GAI-vs-f requency  results  for  strain  TA1535  (another 
base-pair-substitution  mutant)  were  shown  for  10  mW/sq  cm;  they  ranged 
from  0.87  for  9.6  GHz  to  2.57  for  9.0  GHz.  Table  6  showed  the  GAI-vs- 
frequency  results  for  strain  TA98  (the  frame-shift  mutant)  at  10  mW/sq 
cm;  these  ranged  from  0.42  for  9.4  GHz  to  1.91  for  9.0  GHz.  (No  results 
for  either  of  these  two  strains  at  45  mW/sq  cm  were  presented.) 


The  authors  concluded  that  exposure  of  cultures  of  S.  cerevisiae  and 
S.  typhimurium  to  CW  or  pulsed  RFR  at  power  densities  of  30  mW/sq  cm  or 
higher  diminished  their  viability  but  did  not  reliably  induce  genetic 
changes.  However,  they  did  not  present  any  statistical  treatment  of  the 
results.  Also,  it  was  not  clear  whether  the  few  "suspect"  results  (GAI 
between  2.0  and  3.0)  were  considered  positive  or  negative. 

Dardalhon  et  al.  (1979)  used  two  haploid  strains  (N123  and  211-laM) 
and  a  diploid  strain  (D5  of  Zimmermann)  of  yeast  S.  cerevisiae  to 
determine  the  effects  of  temperature  and  RFR  on  survival  and  on  the 
induction  of  mitotic  recombination  or  cytoplasmic  "petite"  mutations. 

The  haploid  strains  were  genetically  deficient  in  synthesizing  certain 
amino  acids  and  were  of  opposite  mating  types  that  form  stable  hetero- 
zygotic  diploid  cells.  These  strains  were  used  to  test  for  the  effects 
of  RFR  on  zygote  formation.  The  D5  diploid  strain  is  heteroallel ic  for 
the  locus  ade  2,  and  the  two  alleles  can  be  distinguished  by  color, 
i.e.,  treatment  by  a  mutagen  causes  a  color  change  that  permits  detec¬ 
tion  of  genetic  effects,  including  induction  of  mitotic  recombination. 
Detection  of  cytoplasmic  "petite"  mutations  was  done  by  the  tetrazolium 
overlay  technique  (Ogur  et  al.,  1957). 

For  exposure,  80  million  cells  in  saline  suspension  were  collected 
with  a  0.45-micron  millipore-f ilter  disc  2.6  cm  in  diameter,  which  was 
placed  on  the  surface  of  agar  about  1  cm  thick  within  an  open  petri  dish 
5.5  cm  in  diameter.  The  petri  dish  in  turn  was  mounted  on  a  foamed- 
polystyrene  block.  Exposures  were  done  from  above  the  petri  dish  for 
180  or  330  min  at  20  deg  C  to  70.5-  or  73-GHz  CW  RFR  at  2  or  10  mm  from 
the  face  of  a  horn  terminating  a  waveguide,  both  distances  within  the 
near  field  of  the  horn.  The  authors  noted  that  the  agar  layer  strongly 
absorbed  the  RFR  transmitted  through  the  filter,  thus  ensuring  absence 
of  standing  waves  within  the  sample. 

The  power  densities  were  6,  15,  and  60  raW/sq  cm.  Not  clear,  however, 
was  the  following  statement:  "Power  density  was  measured  either  with  a 
Narda  powermeter,  or  was  calculated  from  power  levels  measured  at  the 
waveguide  outlet  with  a  matched  load."  Since  the  frequency  coverage  of 
Narda  radiation  monitors  does  not  extend  to  the  70-GHz  region,  the  power 
densities  presumably  were  not  actually  measured  but  were  calculated  from 
values  of  forward  and  reflected  powers  measured  with  Narda  power  meters 
connected  to  a  bidirectional  coupler  in  the  waveguide.  In  addition,  the 
values  cited  above  were  those  at  the  interface  between  the  waveguide  and 
the  horn  (or  load),  and  the  levels  at  the  2-mm  and  10-mm  sites  were  not 
given.  For  controls,  cultures  were  sham-exposed.  Other  cultures  were 
placed  in  a  thermostatically  controlled  chamber  at  30,  37,  42,  47,  or  52 
deg  C  for  330  min. 

To  estimate  RFR-induced  temperature  increases,  water  evaporation  from 
solidified  agar  (2X)  was  measured  for  exposures  to  70.5-GHz  RFR  at  60 
mW/sq  cm  and  a  baseline  temperature  of  20  deg  C  for  several  durations  u; 
to  180  min,  and  the  results  were  compared  with  those  from  conventional 
heating  at  20,  30,  and  37  deg  C  for  the  same  durations.  For  the  latter 
treatments,  the  graphs  of  agar  mass  vs  time  were  linear,  with  slopes 


that  were  successively  more  negative  (higher  water-loss  rates)  with 
increasing  temperature.  The  corresponding  graph  for  RFR  exposure  was 
also  linear,  with  a  negative  slope  between  those  for  heating  at  30  and 
20  deg  C  but  closer  to  the  slope  for  the  latter.  From  these  results, 
the  authors  concluded  that  exposure  to  RFR  at  a  baseline  temperature  of 
20  deg  C  increased  sample  temperature  by  no  more  than  2-3  deg  C.  It 
should  be  noted,  however,  that  the  RFR  exposures  of  the  agar  were  done 
at  the  10-mm  site,  and  therefore  the  spec imen-temperature  increases  from 
exposure  at  the  2-mm  site  were  most  likely  larger. 


The  ratio  of  cell  survival  of  treated  samples  to  that  of  controls  was 
plotted  vs  duration  for  exposure  of  the  D5  diploid  strain  at  the  10-mm 
site  to  70.5-GHz  or  73-GHz  RFR  at  15  or  60  mW/sq  cm  for  up  to  180  min. 
For  all  four  exposure  conditions,  these  relative  survival  curves  showed 
ratios  that  changed  little  from  unity  with  time. 

As  noted  previously,  the  responses  of  the  D5  strain  to  a  mutagenic 
agent  can  be  detected  by  a  color  change.  With  this  technique,  the 
percentages  of  altered  colonies  were  found  to  be  "practically  nil"  after 
exposures  under  the  four  conditions  above,  indicating  that  the  RFR  had 
no  effect  on  nuclear  DNA.  (The  graphs  showed  0.5%  or  less  for  exposed 
and  control  samples.)  The  results  were  also  negative  for  induction  of 
cytoplasmic  "petite"  mutations,  an  indication  that  the  RFR  had  no  ad¬ 
verse  effects  on  mitochondrial  DNA.  (Results  for  exposures  at  the  2-mm 
site  were  not  presented.)  Conventional  heating  at  30,  42,  and  47  deg  C 
for  the  same  durations  also  had  no  effect  on  relative  survival  ratios, 
percentages  of  altered  colonies,  or  "petite"  mutations.  However,  marked 
decreases  in  percentages  of  survival  and  increases  in  percentages  of 
altered  colonies  and  "petite"  mutations  were  obtained  at  52  deg  C. 

The  two  genetically  deficient  haploid  strains  of  S.  cerevisiae  were 
tested  for  zygote  formation  by  mixing  suspensions  containing  ICO  million 
cells/ml  of  each  in  equal  volumes,  depositing  0.05-ml  samples  of  the 
mixture  on  millipore  filters,  setting  each  filter  on  a  solid  complete- 
growth  medium  in  an  open  petri  dish,  placing  the  sample  at  the  2-mm  or 
10-mm  site,  and  exposing  the  sample  to  70.5-GHz  RFR  for  330  min  at  6, 

15,  or  60  mW/sq  cm  (values  at  the  waveguide-horn  interface,  as  noted 
above).  Controls  were  sham-exposed.  Following  treatment,  the  samples 
were  grown  in  a  medium  containing  no  amino  acids,  thus  allowing  only 
growth  of  zygotes  and  heterozygot ic  diploid  cells  in  which  the  genetic 
deficiencies  of  one  strain  were  complemented  by  normal  alleles  of  the 
other  strain. 


The  results  at  each  power  density  for  both  exposure  sites  were  graphed 
as  ratios  of  zygote  formation  for  the  sample  treated  to  zygote  formation 
for  the  control  sample.  For  the  2-mm  site,  these  ratios  were  1,  1.75, 

and  3.1  respectively  for  6,  IS,  and  60  rr.W/  sq  cm.  For  the  1 0-mm  site, 
the  corresponding  ratios  were  about  1.2,  1.2,  and  1.4.  The  ratios  were 
mu^h  larger  for  samples  conventionally  heated  for  330  min  at  20,  30,  and 
3?  deg  C,  about  1,  20,  and  57,  respectively.  From  these  results  and 
those  ■  r.  r  u  1  t  u  r  e  - 1  err.pe  r  a  t  u  r  e  increases  discussed  above,  the  authors 
s  .rm.seq  ?  hat  RFR  exposure  at  6  0  mW/sq  cm  would  be  equivalent  to  heat 
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treatment  that  increases  culture  temperature  by  no  more  than  3  deg  C, 
and  that  culture  temperature  would  increase  by  less  than  0.5  deg  C  from 
exposure  at  10  mW/sq  cm. 

Dardalhon  et  al .  (1979)  concluded  that  exposure  to  millimeter  waves 
under  the  stated  conditions  does  not  induce  lesions  or  genetic  effects 
in  cellular  DNA  of  S.  cerevisiae,  whereas  intense  conventional  heating 
does.  However,  statistical  treatment  of  the  results  would  have  provided 
more  confidence  in  the  quantitative  aspects  of  their  findings. 

Regarding  the  power  densities  at  the  2-mm  and  iO-mm  sites,  values 
could  not  be  estimated  with  accuracy  because  the  dimensions  of  the  horn 
used  were  not  given.  However,  although  both  sites  were  within  the  near 
field,  the  nearer  site  was  at  a  distance  of  only  about  a  half-wavelength 
at  70  GHz,  so  the  power  densities  at  that  site  were  probably  comparable 
to  the  values  at  the  waveguide-horn  interface.  Uncertainties  of  this 
kind  would  be  more  important  if  positive  findings  had  been  obtained. 

Dardalhon  et  al.  (1981)  performed  a  similar  study  on  various  strains 
of  E.  coli  and  S.  cerevisiae,  but  at  9. A  and  17  GHz  (wavelengths  3.19 
and  1.76  cm)  as  well  as  70-75  GHz.  For  exposures  to  70-76  GHz,  the 
samples  were  placed  at  the  2-mm  site.  A  horn  was  also  used  for  expo¬ 
sures  to  9.4  GHz,  but  the  exposure  sites  were  5  mm  or  3  cm  from  the 
horn;  these  two  exposure  sites  were  also  used  for  17  GHz,  but  the  an¬ 
tenna  was  the  open  end  of  a  waveguide. 

Precision  variable  attenuators  were  used  to  obtain  any  power  density 
in  the  range  1-60  mW/sq  era  for  70-75  GHz,  or  1-50  mW/sq  cm  for  the  other 
two  frequencies.  Not  clear  is  whether  the  power  densities  cited  were 
the  values  at  the  respective  exposure  planes  or  at  the  waveguide  output 
in  each  case  as  in  Dardalhon  et  al.  (1979).  However,  the  authors  did 
determine  the  SARs  in  samples  at  the  exposure  sites  by  using  a  property 
noted  in  the  latter  study  that  zygote  formation  in  S.  cerevisiae  is  verv 
sensitive  to  changes  in  temperature.  For  17  GHz,  they  exposed  samples 
at  the  5-mm  site  to  50  mW/sq  cm  (measured  at  the  waveguide  outlet  )  and 
derived  an  SAR  of  28  W/kg  from  the  resulting  cooling  curves  (Allis  et 
al.,  1977).  For  9.4  GHz,  the  SAR  at  the  5-mra  site  for  exposure  to  60 
mW/sq  cm  (presumably  at  the  waveguide-horn  interface)  was  23  W/kg  (The 
SAR  at  the  3-cm  site  was  not  given  for  either  frequency.  )  For  70-T5  GHr 
at  60  mW/sq  cm,  the  SAR  at  the  2-rara  site  was  9  W/kg.  Most  of  the 
exposures  were  for  30  min.  Control  samples  were  sham-exposed. 

Six  E.  coli  strains  were  used.  Four  were  deficient  in  DNA  repair  !tw 
rep-negative  strains,  one  uvr-negative  strain,  one  double-mutant  re- 
negat ive/uvr-negat ive  strain).  The  fifth  was  a  DNA- repa i r - prof i c lent 
strain  (a  wild-type  rec-posit  ive/uvr-pos  it  ive  strain  that  corresponded 
to  the  deficient  double-mutant).  The  sixth  was  a  mutant  strain  (trp 
negative)  that  requires  tryptophan  for  growth,  to  ascertain  whether  PFP 
can  induce  reversions  to  tryptophan  independence. 

The  fractional  survival  rates  of  the  four  DNA- repa  i  r-def  ic  lent  strain-, 
and  the  DNA-repair-prof  ic  ient  wild  strain  of  E.  coli  after  exposure  to 


160 


the  various  frequencies  and  SARs  indicated  above  were  tabulated.  Most 
values  were  between  0.90  and  1.0,  with  a  few  larger  than  1.0  (maximum 
1.10  for  9.4  GHz  at  23  W/kg)  and  a  few  others  less  than  0.90  (minimum 
0.80  for  74  GHz  at  9  W/kg).  The  authors  gave  no  statistical  treatment, 
but  stated:  "Taking  into  account  a  mean  standard  error  of  15X,  including 
variations  from  experiment  to  experiment,  millimeter  and  centimeter 
waves  in  this  frequency  range  do  not  have  any  appreciable  effects  on 
survival  even  in  the  repair  deficient  mutants."  They  also  noted  that 
survival  fractions  of  wild-type  and  mutant  cells  decreased  strikingly 
after  conventional  heating  for  30  or  60  min  at  temperatures  above  50  deg 
C,  with  the  mutants  more  sensitive  than  the  wild-type  cells. 

For  trp-negative  E.  coli,  the  ratio  of  number  of  mutations  to  trypto¬ 
phan  independence  induced  by  30-min  exposures  to  70,  71,  72,  73,  74,  and 
"5  GHz  (9  W/kg)  to  the  number  of  spontaneous  mutations  was  plotted  vs 
RFR  frequency  (without  error  bars).  The  values  varied  nonmonotonical ly 
between  0  5  and  1  0  For  exposures  to  17  GHz  at  the  3-cm  site  (no  SAR 
given),  the  mutation  ratio  varied  with  exposure  duration  from  about 
inity  for  )0  min.  to  a  minimum  of  02  for  1  hr,  to  unity  for  2  hr,  and 
to  ,  5  for  20  hr  Again,  no  error  bars  were  given,  but  the  authors 
stated  "The  experimental  values  fluctuate  with  a  standard  error  of  ♦/- 
1  2 V  and  thus  do  not  differ  statistically  significant  from  the  spon- 
• aneous  background  Thus,  it  can  be  concluded  that  under  these  con- 
i,'  ions  microwaves  dc  not  induce  mutagenic  effects  in  bacteria." 

1  1 h«  -erevisiae  used  were  the  h»p*  nd  wi id  type  strain  N123  and  the 

|  TNA  i  pair  defi.ient  mutant  strain  5  205’  Ni  49  for  DNA  effects,  the 

|  dip.  id  st  ram  05  for  detect  ion  of  genet  i'  alterations,  and  diploid  D5 

^  ar.d  NT  s’rains  f  ^  r  sporuiation  effects  After  sham  exposure  ,  the  sur 

v  .  v  a  .  fra-  'ion  of  w  i  .  1  ♦  ype  N  1  2  3  was  0  81  For  exposure  (30  min  to  9  <. 
'.Hr  2*  W  eg  'tie  i.rv.va,  fraction  was  0  9b  For  exposures  to  i’  GHz 
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or  of  genetically  altered  colonies  (including  mitotic  crossovers),  but 
conventional  heat  treatments  at  47  deg  C  for  24  hr  or  at  52  deg  C  for  2 
hr  markedly  decreased  the  relative  survival  and  increased  the  numbers  of 
petite  mutations  and  altered  colonies. 

To  determine  the  effects  of  RFR  on  sporulation,  samples  of  diploid 
strain  D5  were  sham-exposed  or  exposed  for  48  hr  during  sporulation  to 
9.4  GHz  (23  W/kg)  or  17  GHz  (28  W/kg).  The  sporulation  efficiencies  for 
the  three  treatments  did  not  differ  significantly.  The  diploid  strain 
ND  was  similarly  treated  but  for  72  hr  during  meiosis,  to  ascertain  the 
effects  of  the  RFR  on  segregation  of  "ade”  and  "his"  genes.  Again,  the 
differences  among  treatments  were  not  significant.  (The  means  and  SEs 
were  tabulated,  but  statistical  analysis  of  the  data  was  not  given.) 

As  for  the  previous  study,  the  lack  of  statistical  treatment  of  the 
results  diminishes  confidence  in  the  findings. 

Anderstam  et  al.  (1983)  also  investigated  whether  RFR  is  mutagenic  for 
E.  coli  and  S.  typhimurium  (in  a  total  of  11  strains).  The  exposure 
systems  used  were  described  in  Hamnerius  (1983).  The  RFR  frequencies 
selected  were  27.12  MHz  and  2.45  GHz  because  of  their  wide  occupational 
use.  The  27.12  MHz  source  was  CW,  but  as  noted  by  Hamnerius,  the  2.45- 
GHz  source  was  a  magnetron,  so  the  RFR  was  amplitude-modulated  at  twice 
the  power-line  frequency  (100  Hz)  rather  than  true  CW.  Two  types  of 
3.1 -GHz  pulsed  magnetrons  were  used  to  compare  the  possible  effects  of 
pulsed  RFR  and  2.45-GHz  "CW"  RFR;  one  type  produced  2-microeecond  pulses 
(3.07  GHz)  and  the  other,  1 -microsecond  pulses  (3.10  GHz),  both  at  500 
pps  and  200  W  mean  power. 

To  obtain  adequate  biological  sensitivity,  moet  sample  volumes  were  10 
ml  each  Since  most  media  contain  substances  that  can  be  autooxidized 
in  the  presence  of  metal  ions,  possibly  forming  toxic  components,  sample 
or, tamers  were  made  of  po  1  y  t  e  t  r  a  f  1  uo  r  oe  t  hy  1  ene  (  PTFE  )  because  tests 
s flowed  that  the  metal  ion  content  of  PTFE  is  very  low  and  because  the 
■  on t  a  l  ne  r  s  '  ou 1 d  be  sterilized  readily  in  an  autoclave 
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in  diameter  and  spaced  11  cm  apart.  Exposures  were  done  either  with  the 
sample  in  a  glass  tube  6.5  cm  in  length  and  inner  radius  of  7  mm  (using 
an  outer  cylindrical  PMMA  jacket  for  water  cooling)  and  axis  of  the  tube 
parallel  to  the  magnetic  field,  or  with  10  ml  of  sample  within  a  groove 
cut  in  a  PFTE  disk  at  radius  7.2  cm  and  disk  plane  perpendicular  to  the 
magnetic  field.  The  SARs  for  both  species  of  bacterium  at  20  A/m  for 
the  disk  and  tubular  containers  were  respectively  20  W/kg  and  less  than 
0.15  W/kg. 

The  rectangular  PFTE  container  (with  PMMA  outer  container)  described 
above  was  also  used  for  exposures  to  2.45-GHz  (CW)  and  3.1-GHz  (pulsed) 
RFR.  However,  the  container  was  placed  40  cm  from  a  horn  (far  field). 
Thermocouple  measurements  of  temperature  were  made  at  15  locations  on 
the  container  immediately  before  and  after  exposure  to  2.45  GHz  at  900 
mW/sq  cm  for  30  seconds  or  3.1-GHz  at  290  mW/sq  cm  (average)  for  60 
seconds.  The  cooling  curves  were  used  to  determine  the  corresponding 
SAR  at  each  location,  from  which  the  local  value  of  electric  field  was 
calculated  and  normalized  to  the  mean  for  all  locations.  These  normal¬ 
ized  electric-field  values  ranged  from  0.70  to  1.26  for  2.45  GHz  and 
0.88  to  1.08  for  3.1  GHz.  Thus,  the  variation  of  power  density  over  the 
sample  area  was  less  than  ♦  /-  3  dB  for  either  frequency.  At  each  fre¬ 
quency,  the  mean  SAR  for  200  mW/sq  cm  was  about  100  W/kg. 

For  the  study  of  forward  mutations,  three  strains  of  S.  typhimurium 
that  were  sensitive  to  arabinose,  and  two  strains  of  E.  coli,  one  depen¬ 
dent  on  streptomycin  and  the  other  sensitive  to  rifampicin,  were  used. 
Back  mutations  were  investigated  in  two  histidine-dependent  strains  of 
S.  typhimurium,  two  tryptophan-dependent  strains  of  E.  coli,  and  one 
strain  of  E.  coli  dependent  on  tyrosine.  Prophage  induction  was  inves¬ 
tigated  in  two  strains  of  E.  coli;  a  s t rept oroyc in- res i st ant  strain  was 
used  as  an  indicator.  Exposures  to  each  type  of  RFR  at  the  SARs  above 
were  for  various  durations  in  the  range  1-7  hr.  In  most  experiments, 
air  was  bubbled  through  the  cell  suspensions  during  exposure  for  stir¬ 
ring.  Also  investigated  were  the  combined  effects  of  RFR  and  ultra¬ 
violet  light  ( UV )  at  a  dose  rate  of  0.033  W/sq  m  given  before  or  after 
PFP  exposure 

The  various  treatments  of  each  strain  of  the  two  species  of  bacterium 
were  tabulated,  as  were  the  results  of  statistical  treatment  of  the  data 
by  the  methods  described  in  Ehrenberg  et  al  (1983),  in  which  criteria 
for  elimination  of  outliers  and  for  significance  of  negative  as  well  as 
positive  results  were  given.  The  large  numbers  of  specific  results  for 
the  11  strains  of  ba<teria,  four  types  of  RFR  treat  men t  ,  and  c  omb l ned  UV 
and  PFP  t  rea* me  nt  preclude  their  presentation  here  in  detail;  instead, 
t  tie  significant  findings  are  summarized  qua  1  1 1  i  t  i  ve  1  y 

For  some  PFP  treatments,  some  strains  exhibited  higher  growth  and 
otters  lower  growth  than  t  tie  i  r  respective  controls;  many  of  these 
'  hanges  were  statistically  nonsigruf  K«nt  (pcO  05),  but  the  overall 
trend  was  toward  PFP  induced  increase  in  growth  The  authors  stated 
"The  p>  bility  t  fiat  t  fie  observed  growth  stimulation  could  be  due  to 

temperature  1  ang  e  was  investigated  in  special  studies  Temperature 


variations  within  the  sample  during  exposure  were  estimated  to  be  +  /- 
0.3  deg  C  when  the  cell  suspension  was  not  stirred.  The  variations  were 
considerably  reduced  in  stirred  suspensions ...  St irring ,  brought  about  by 
air  bubbling,  did  not  change  the  degree  of  stimulation  observed  after 
exposure  of  unstirred  specimens.  Changes  of  temperature  in  unexposed 
samples  by  0.5  deg  C  certainly  provoked  changes  of  the  growth  rate,  but 
these  changes  were  smaller  than  observed  after  microwave  exposure." 

The  RFR-induced  differences  (both  increases  and  decreases)  in  mutant 
counts  were  mostly  nonsignificant.  The  authors  stated:  "The  mutant 
counts  were  much  less  affected  than  bacterium  growth,  by  electromagnetic 
fields.  Different  variance  estimates  of  data  for  2.45  GHz  and  3.07  GHz 
fields  indicate  the  absence  of  variations,  except  for  a  slightly  signi¬ 
ficant  difference  between  the  two  frequencies,  in  agreement  with  the 
difference  between  the  pooled  mean  values.  Since  these  strains  were  not 
represented  in  the  same  way  in  studies  of  the  two  radiation  qualities, 
this  effect  is  most  probably  fortuitous,  however,  and  it  is  questionable 
whether  mutant  counts  were  affected  at  all  in  the  regular  mutation 
tests . 

"It  is  possible  that  microwave  exposure  provoked,  in  some  experiments, 
an  increase  of  the  mutant  counts  induced  by  UV  light  and,  especially, 
that  a  certain  prophage  induction  may  have  occurred.  [Experiment  6 
yielded  the  most  significant  (p<0.001)  change.]  It  has  been  impossible, 
however,  to  identify  the  conditions  under  which  the  strong  prophage  in¬ 
duction  of  experiment  6  was  obtained.  Although  no  experimental  errors 
are  ind.cated  we  are  therefore  inclined  to  consider  this  positive  value 
an  ' out  1 ier ' . " 

Pay  et  al.  (1972)  exposed  three  groups  of  five  Oregon-R,  wild-type 
male  Drosophila  for  45  min  to  2.45-GHz  RFR,  each  group  within  an  acrylic 
capsule  at  a  distance  of  18  cm  from  a  standard-gain  horn  (in  the  near 
field)  in  an  anechoic  chamber.  One  group  each  was  exposed  at  2.1,  2.75, 
and  3.0  kW  forward  power.  The  mean  power  densities,  calculated  from 
measurements  at  200  cm  (far-field),  did  not  exceed  4.6,  5.9,  and  6  5 
W/sq  cm,  respectively.  The  exposures  were  done  within  24  hr  after 
eclosion.  A  capsule  of  flies  was  sham-exposed  as  controls  for  each  RFR 
level.  To  exercise  control  over  generation  tiroes,  two  different  growth 
temperatures  were  used  prior  to  exposure;  the  flies  for  the  2.75-  and 
3.0-kW  groups  were  grown  at  22.5  deg  C  and  those  for  the  2.1-kW  group  at 
21.0  deg  C.  Subsequent  generations  derived  from  these  exposure  groups 
were  grown  at  the  same  respective  temperatures. 

Within  30  min  after  exposure,  each  male  was  placed  in  a  vial  with  two 
virgin  females  of  the  Muller  5  type  After  this  initial  mating,  each 
male  was  placed  in  a  new  vial  with  two  new  virgin  Muller-5  females  every 
2u  hr  for  15  days  after  exposure,  thereby  obtaining  15  " St andard -Mu  1 1 e r 
5-Cross  (Basri"  broods  from  each  wild-type  male  fly  On  day  8  after 
each  mating,  the  Muller  5  females  were  removed  and  the  number  of  days  to 
emergence  of  r  fie  f'rst  adult  flies  in  each  brood  was  recorded  as  the 
generation  time  All  FI  (first  generation)  broods  were  counted  and 
sexed  on  day  l7  of  growth  'before  second  generation  eclosion),  if  no 


adult  FI  flies  were  present  on  that  day,  the  growth  stage  was  noted. 


Forty-five  FI  pairs  (male-female)  from  exposed  males  and  15  pairs  from 
sham-exposed  males  were  selected  at  random  each  day  from  the  2.75-  and 
3.0-kW  groups,  and  each  pair  was  placed  in  a  new  vial  to  produce  an  F2 
generation.  The  F2  generations  were  examined  on  day  17  for  wild-type 
males,  since  their  presence  in  F2  would  rule  out  the  possibility  of  sex- 
linked  lethal  recessive  mutagenesis  on  the  X-chromosome  of  parent  (PI) 
males  exposed  to  RFR,  and  since  such  a  recessive  mutation  would  cause 
lethality  in  F2  heraizygous  (having  only  one  of  a  pair  of  genes  for  a 
specific  trait)  wild-type  males. 

All  the  PI  males  in  the  control,  2.1—,  and  3.0-kW  groups  survived  for 
use  in  the  brood  studies,  but  2  of  the  5  PI  males  of  the  2.75-kW  group 
died.  The  FI  flies  from  the  2.75-  and  3.0-kW  groups  (both  grown  at  22.5 
deg  C)  had  mean  generation  times  of  13.71  and  13.58  days,  respectively; 
the  means  for  the  FI  flies  from  the  2.1-kW  group  and  its  control  group 
(both  grown  at  21.0  deg  C)  were  respectively  14.61  and  14.64  days.  The 
authors  ascribed  the  1-day-longer  generation  time  for  the  latter  two 
groups  to  the  difference  in  growth  temperature,  not  to  RFR  exposure. 

Brood-size  variations  were  observed  among  the  daily  broods  from  each 
exposure  and  control  group,  so  the  daily  results  from  each  exposure 
level  were  pooled,  divided  by  the  number  of  successful  cultures,  and 
normalized  to  the  day-1  means  for  the  corresponding  control  groups.  The 
resulting  normalized  average  FI  brood  size  on  each  day  of  serial  mating 
was  presented  graphically  for  each  exposure  group  and  its  control  group 
On  corresponding  mating  days,  the  differences  in  mean  brood  size  were 
not  significant.  Relative  infertility  was  observed  between  days  5  and 
7,  but  in  control  as  well  as  RFR  groups. 

The  authors  noted  that  since  only  the  heterozygous  FI  females  would 
carry  an  exposed  X-chromosome  from  the  male  parent,  the  nonsignificant 
differences  in  brood  size  above  may  not  be  an  adequate  assessment  for 
detrimental  effects.  However,  comparisons  of  ratios  of  FI  females  to 
total  FI  flies,  which  should  reveal  whether  RFR  had  damaged  the  genome 
of  the  male  parents,  yielded  no  significant  differences.  In  addition, 
the  results  for  the  F2  generations  yielded  mutations  not  exceeding  IX 

Hamnerius  et  al.  (19  79)  exposed  embryos  of  D.  melanogaster  to  2,45  GH.- 
amp  1 i t ude -modu 1  at ed  RFR.  The  embryos  studied  were  1-2  days  old  and  of  a 
sex-linked,  genetically  unstable  stock  in  which  eye  color  is  light 
yellow  (zeste).  The  mutation  sought  was  somatic,  in  which  a  si.:*'  ,n 
eye  pigmentation  results  in  eye  sectors  with  normal  red  pigmental  r, 
clearly  visible  against  the  yellow  background,  a  mu tat  ion  that  n.  •  u  t  s  a’ 
an  early  stage  of  eye  development 


For  exposure,  embryos  were  immersed  in  10  ml  of  water  within  a  Teflon 
container,  which  was  placed  inside  a  larger  Plexiglas  container  through 
which  thermostatically  controlled  water  at  24  5  ♦/  0  2  deg  1  flowed 

The  larger  container  was  pla<ed  40  <m  from  a  horn  (about  the  start  f 
the  far  field  region)  used  to  terminate  a  waveguide  The  RFR  level  at 


1  6  5 


this  location  was  measured  with  a  power-density  meter.  SAR  calibration 
was  done  by  measuring  the  temperature  rise  in  a  biological  sample  due  to 
a  30-second  exposure  at  900  mW/sq  cm  with  no  water  flowing  through  the 
larger  container;  the  result  was  0.5  W/kg  per  mW/sq  cm. 

Embryo  exposures  were  at  100  W/kg  (about  200  mW/sq  cm)  for  6  hr.  For 
controls,  embryos  were  similarly  treated  except  for  exposure.  Following 
treatment,  the  embryos  were  transferred  to  vials  that  contained  standard 
medium  and  were  maintained  at  25  deg  C  and  75X  relative  humidity.  The 
survival  rate  of  the  flies  was  determined  from  the  number  of  male  flies 
hatching  from  treated  embryos,  and  the  percentage  of  flies  having  red 
sectors  constituted  the  mutation  frequency.  Mean  survival  rates  for  the 
exposed  and  control  flies  were  83Z  and  91X,  respectively,  a  difference 
that  was  nonsignificant  (p>0.05).  There  were  4  mutations  in  7512  RFR- 
exposed  male  flies  (0.051)  and  2  mutations  in  3344  control  male  flies 
(0.061),  a  nonsignificant  difference. 

Hamnenus  et  al.  (1979  )  also  exposed  embryos  to  X-rays  as  a  positive 
rontrol,  and  found  that  1000  rad  yielded  29  mutations  in  1053  males 
(2.751).  This  result  led  them  to  conclude  that  with  a  sample  size  of 
7512  males,  it  would  be  possible  to  detect  this  mutagenic  effect  at  50 
rad  (p-0.05).  The  authors  also  indicated  that  EMS ,  a  chemical  mutagen 
of  the  alkylating  type,  yielded  444  mutations  in  4859  males  (9  141)  at 
9  7  5  mM,  but  they  made  no  further  comparison. 

Confounding  parameters,  especially  temperature  rise,  appear  to  have 
been  controlled  adequately  in  this  study,  so  the  finding  of  no  RFR- 
mduced  mutagenic  effect  is  highly  credible 

Hamnerius  et  al  (1985),  in  a  study  supplementary  to  Anderstam  et  al 
1  98  i  )  and  Hamne  rius  et  al  <  1  9  J  9  )  ,  exposed  Salmonella  and  Drosophila  t 
2  4  5  C.Hz  amplitude  modulated  RFR,  3  10  GHz  pulsed  RFR,  or  2  1  12  MHz  CW 
magnetic  field  in  the  systems  described  by  Hamnerius  (1981)  Pros' phila 
were  also  exposed  to  these  types  of  RFR  and  to  the  2’  12  MHz  CW  elec’ri 

field  as  well  The  exposure  parameters  w* re  given  in  Table  1  of  the 
paper,  adapted  and  shown  below  as  Table  18  The  levels  for  Salmonella 

were  slightly  different  than  those  ited  in  Anders' am  et  al  :  1 98 ) 
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TABLE  18:  EXPOSURE  PARAMETERS 


EXPOSURE  SAR  (W/kg)  INTENSITY  DUR.  (hr)  TEMP,  (deg  C) 

Salmone 11a 

27.12-MHz  magnetic  <0.15  21  A/m  6  37.0 

27 . 12-MHz  magnet ic  22  21  A/m  2.5  25.0 

2 .45- GHz  modulated  130  --  5.7  37.0 

3.10-GHz  pulsed  90  --  6  37.0 

Drosophila 

27.12-MHz  magnetic  <0.05  12  A/m  6  25.0 

27.12-MHz  electric  0.3  137  V/m  6  25.0 

2.45- GHz  modulated  110  --  6  25.0 

3.10-GHz  pulsed  60  --  6  25.0 


In  the  Ames  test  (Ames  et  al.,  1975),  chemical  mutagens  are  tested  on 
petri  plates  with  specially  constructed  mutant  strains  of  Salmonella 
typhimurium  selected  for  sensitivity  and  specificity  to  reversion  from 
dependence  on  histidine  to  independence.  Hamnerius  et  al.  (1985)  used  a 
slight  modification  of  this  test. 

Strains  TA98,  TA100,  TA1535,  and  TA1537,  derived  from  the  LT2  parent 
strain,  were  grown  »n  AM3  nutrient  broth.  (The  first  three  were  also 
studied  by  Dutta  et  al.,  1979.)  Exponentially  growing  cultures  were 
diluted  appropriately  and  each  was  divided  into  two  parts;  one  part  was 
exposed  (10-ml  sampler)  as  noted  above  and  the  other  served  as  an  un¬ 
exposed  control  After  treatment,  0.1-ml  samples  were  spread  on  minimal 
gluise  agar  plates  and  incubated  at  37  deg  C  for  48  hr  in  darkness  be 
fre  storing  for  mutation  frequency  (Since  the  bacteria  were  growing 
diring  RFR  exposure,  their  growth  on  the  plates  was  not  necessary  to 
determine  mutation  induction,  so  the  trace  of  histidine  in  minimal 
tie  di  urn  was  omitted  ) 

1"  test  for  8FR  indued  ell  division  rate  or  toxicity,  culture  sam 
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plates.  This  positive-control  experiment  showed  that  TA100,  a  strain 
sensitive  to  base  substitutions,  exhibited  fivefold  to  sixfold  higher 
reversions  than  untreated  controls,  but  that  TA1535,  a  strain  less  sen¬ 
sitive  to  base  substitutions,  had  only  30X  higher  reversions  with  0.02Z 
MMS .  In  addition,  MMS  induced  no  mutation-frequency  increases  in 
frameshift  strains  TA98  and  TA1537. 


The  results  for  each  strain  of  Salmonella  after  each  treatment  were 
presented  in  Table  19  (Table  3  of  the  paper)  in  terms  of  total  number  of 
reversions  counted,  mean  percentage  of  mutations  relative  to  controls 
and  its  95X  confidence  interval  (+/-  Cl),  total  number  of  colonies 
counted,  and  mean  survival  percentage  relative  to  controls  and  its 
confidence  interval,  with  *,  **,  and  ***  respectively  representing 
significance  at  p<0.05,  p<0.01,  and  p<0.001: 

TABLE  19:  RESULTS  FOR  SALMONELLA 

TREATMENT  &  TOTAL  X  MUTATIONS  TOTAL  X  SURVIVAL 


STRAINS  REVERSIONS 

<♦/- 

Cl) 

COLONIES 

(  ♦/- 

Cl ) 

27.12-MHz  magnetic: 

TA100  (<0.15  W/kg  ) 

3,  166 

97.0 

(3.4) 

4,  190 

116.6 

( 3 . 9  )*** 

TA100  (22  W/kg) 

A, 267 

99.6 

(3.0) 

475 

108.0 

(9.7) 

TA1535  <<0.15  W/kg) 

249 

101 . 3 

(15.2) 

2,966 

97  .  1 

(3.6) 

TA1537  (<0.15  W/kg) 

175 

80.6 

(13.3) 

5,020 

119.1 

(3.5)*** 

TA98  (<0.15  W/kg) 
Pooled  (excluding  TA 

7  14 

100  at  22 

110.9 

W/kg) 

(9.1) 

4 , 648 

101.8 

100.7 

(3.0) 

(  1  .8)*** 

2.45-GHz  modulated: 

taioo 

4,516 

93.8 

(2.8)** 

13,345 

103  2 

(1  8  )  * 

TA( 535 

382 

108.0 

(11.6) 

5,605 

103  6 

(20) 

TAl  5  3  7 

101 

90  2 

(20.8) 

462 

106  0 

(9.8) 

TA90 

Pooled 

*  ,  4  3  6 

103  8 

(5.7) 

8,266 

<0  V* 

o  o 

( 2  3  )*** 
(1  5  )  *** 
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grow  into  a  more  dense  culture  during  treatment  was  seen  in  all  strains. 
They  also  noticed  a  tendency  for  RFR-exposed  cells  to  divide  at  a  higher 
rate  than  control  cells.  A  curious  point  not  discussed  by  the  authors 
was  the  lower  survival  rate  for  TA100  after  exposure  to  the  magnetic 
field  at  22  W/kg  (108. OX)  than  at  SAR<0.15  W/kg  (116. 6X). 

To  determine  whether  the  survival-rate  increases  were  thermally  in¬ 
duced  by  the  RFR,  the  effect  of  cultivation  temperature  on  growth  and 
survival  was  ascertained.  Each  strain  of  Salmonella  was  cultivated  at 
37.0  deg  C  until  the  culture  density  attained  was  the  same  as  that  at 
the  start  of  RFR  exposure.  Parts  of  each  culture  were  then  transferred 
to  baths  at  36.5  or  37.5  +/-  0.1  deg  C  and  the  percentages  of  survival 
relative  to  those  for  37.0  deg  C  were  measured  after  growth  for  at  least 
six  generations.  Results  were  given  in  Table  20  (Table  4  of  the  paper): 

TABLE  20:  SALMONELLA  SURVIVAL  VERSUS  CULTIVATION  TEMPERATURE 


CULTIVATION 

TOTAL 

X  SURVIVAL 

STRAIN 

TEMPERATURE 

COLONIES 

(+/-  Cl) 

TA100 

36.5 

1,896 

86.5  (3.9)*** 

37.0 

2,194 

100.0  (4.2) 

37.5 

1,864 

96.4  (4.4) 

TA1535 

36.5 

5,512 

89.9  (2.4)*** 

37.0 

6,822 

100.0  (2.4) 

37  .  5 

4,653 

73.3  (2 . 1 )*** 

TA1537 

36.5 

5,027 

104.8  (2.9)* 

37.0 

5,  738 

100.0  (2.6) 

37.5 

5,082 

89.3  (2.5)*** 

TA90 

36.5 

1,538 

90.2  (4.6)* 

37.0 

1,701 

100.0  (4.8) 

37.5 

1,536 

90.5  (4.6)* 

Poo  1 ed 

36 . 5 

96.4  (1 .6)** 

3  7.0 

100.0  (1.6) 

37.5 

87.1  (1.41*** 

The  results  indicated  that  t  h*  cell  concent  rat  ion  during  the  station 
arv  phase  was  highest  for  cells  grown  at  3  1 . 0  deg  C.  except  for  TAit')’, 
for  which  56  S  deg  C  yielded  highest  growth  At  this  stage,  the  oil 
•ures  were  no  longer  in  the  log  phase  of  jrowth,  but  had  reached  a  pla 
teau  in  number  of  ells,  the  stationary  phase,  which  lasted  from  about 
hr  to  at  least  T  hr  after  the  temperature  shift 

The  authors  stated  “The  poo  1  ec]  data  show  that  the  >p  t  imal  temperat  .: 
f  ■  r  growing  Salm»nel la  is  <  *  0  deg  0  and  that  the  further  i  n  c r  e  a  s e  s  .  r 
ell  concentration  obtained  after  e  lect  r>  >magnet  i  field  exposure  was 
lie  ’  o  a  'hange  in  temperature,  s  i  n  e  this  shun . d  have  .  were!  ’tie  e  .  . 
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concentration.  Consequently,  the  consistent  results  obtained  after 
electromagnetic  field  exposure  imply  that  the  increased  growth  in  the 
exposed  cultures  is  an  effect  of  the  electromagnetic  fields  per  se  and 
not  secondary  to  an  increase  in  temperature." 

The  validity  of  the  point  above  is  unclear  because  the  cultures  were 
supposedly  maintained  at  37.0  +/-  0.3  deg  C  during  RFR  exposure.  In 
addition,  the  authors  stated:  "However,  thermal  effects  should  not  be 
completely  ruled  out  because,  according  to  Blackman  et  al.  (1975),  even 
slight  temperature  differences  (0.2-0. 3  deg  C)  can  affect  the  growth  of 
Escherichia  coli." 

For  the  experiments  with  Drosophila,  an  unstable  strain  believed  to  be 
rendered  unstable  by  insertion  of  a  piece  of  foreign  DNA  to  the  right  of 
the  white  locus  was  used.  This  insertion  alters  gene  expression  either 
spontaneously  or  to  a  higher  degree  by  mutagen  induction,  resulting  in 
eye-pigmentation  change  in  males  that  are  observed  by  the  presence  of 
red  sectors  in  the  light-yellow  eyes. 


Embryos  were  collected  on  a  heavily  yeasted  surface  of 
At  age  12  ♦/-  4  hr,  they  were  washed,  and  a  0.025-ml  bat 
about  4000  eggs  was  transferred  to  10  ml  of  water  within 
container.  Samples  were  then  exposed  to  RFR  for  6  hr  at 
air  bubbled  through  the  water  to  keep  the  embryos  in  mot 
exposure,  the  eggs  were  transferred  to  vials  that  contai 
cornmeal-yeast-syrup-agar  medium  and  were  kept  at  25  deg 
relative  humidity  until  hatching.  Males  were  screened  f 
of  red  sectors.  Survival  was  measured  by  transferring  a 
embryos  (100  or  200)  to  vials  and  counting  the  number  of 
in  each  vial.  The  results,  presented  in  Table  2  of  the 
and  shown  as  Table  21,  were  analyzed  for  homogeneity  of 
chi-square  test  and  for  homogeneity  of  mutation  frequenc 
exact  test . 

TABLE  21:  RESULTS  FOR  DROSOPHILA 


an  agar  plate, 
ch  containing 
the  exposure 
25  deg  C  with 
ion.  After 
ned  standard 
C  and  75X 
or  the  presence 
fixed  number  of 
males  hatched 
paper,  adapted 
survival  by  the 
ies  by  Fisher’s 
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Thus,  none  of  the  RFR  exposure  conditions  significantly  altered  the 
mutation  frequency  or  the  survival  rate  of  Drosophila  embryos.  The 
authors  noted  that  the  pooled  mutation  frequency  of  the  controls  was 
0.071  (16  among  22,288  males),  in  good  agreement  with  the  expected 
spontaneous  rate.  The  mutation  frequency  for  MMS  was  3.5X,  a  highly 
significant  (p<0.001)  increase. 

3.2.2  MAMMALS  AND  MAMMALIAN  TISSUES 

Heller  (1970)  cultured  human  peripheral  lymphocytes  with  the  mitogen 
phytohemagglutinin  for  two  days,  after  which  the  cultures  were  exposed 
for  30  min  to  21-MHz  pulsed  RFR  (10-microsecond  pulses,  100  pps)  at  500 
V/cra  (50  kV/m)  peak-to-peak  between  electrodes  spaced  2  cm  apart.  (The 
free-space  equivalent  average  power  density  was  83  mW/sq  cm.)  Culture 
temperature  was  maintained  at  27  deg  C  during  exposure.  The  cultures 
were  fixed  immediately  after  exposure  or  after  recovery  periods  of  24  or 
36  hr.  Standard  air-dry  films  were  stained  and  scored  for  six  types  of 
chromosomal  abnormalities  (chromosomal  breaks,  dicentric  chromosomes, 
chromatid  breaks,  endoredupl icat ion  figures,  acentric  fragments,  and 
polyploid  number  chromosomes). 

The  control  culture  (600  cells  scored)  had  a  mean  of  0.016  abnor¬ 
malities  per  cell.  For  the  culture  fixed  immediately  after  exposure 
(500  cells  scored),  the  mean  was  0.036;  by  chi-square  test,  the  differ¬ 
ence  was  significant  (p-0.02).  The  means  for  the  cultures  fixed  24  and 
36  hr  after  exposure  (respectively  2000  and  850  cells)  were  0.056  and 
0.077,  both  significant  (p<0.01)  relative  to  the  control.  These  result* 
are  open  to  question  because  no  comparisons  were  made  between  RFR-  and 
sham-exposed  cultures  fixed  at  corresponding  times. 

Stodolnik-Baranska  (  1974  ),  as  discussed  in  Section  3. 5. 1.1,  exposed 
human  lymphocyte  cultures  to  2.95-GHz  pulsed  RFR  at  20  or  7  mW/sq  cm 
average  power  density  for  periods  ranging  from  10  min  to  4  hr.  Exposure 
at  20  mW/sq  cm  for  10  rain  or  longer  was  reported  to  produce  chromosome 
aberrations,  but  not  from  exposure  to  7  raW/sq  cm  for  4  hr.  The  author 
reported  a  "slight"  temperature  increase  in  cultures  exposed  to  ?G  mW  s; 
cm  but  none  in  cultures  exposed  to  7  mW/sq  cm.  The  results  suggested 
that  if  RFR  d  oes  cause  an  increase  in  c  h  r omosome  abnormal  it  les.  t  he  r  e 
may  be  a  power-density  threshold  for  the  effect 

Chen  et  a  1  (1974)  grew  cultures  of  Chinese- h am ster  e  .  .  s  in 

medium  within  plastic  containers,  each  of  vhuh  was  pla  et  .  r.  a  mat  he  t 
'pen-ended  waveguide  for  exposure  to  2  » *>  -Hr  C  W  CFF  The  f  •  r  wa :  4  an- 
ref  .  erted  p-uwe  rs  were  determined  with  dire  *  :  r  a  .  i ,  .  •  v  Wa-e  g  .  .  t  e 

ambient  tempera:  .re  was  ■  <  n  t  r  .  .  ed  with  art  e  1  e  ’  :  .  a  •  e  ;  a  -  • 

•  empe  r  at  u  r  e  was  mor.  i  *  red  nt  inu->-.slv  1  .  t  »<;•  s  .  •  o  •  •  •  e  •  ~  .  •• 

After  exposure  at  spe  lfiet  RFF  levels  an'  -  -  *  *•••  ■’  .  -  we  •  .. 

a  .  1  owed  t  -  g  r  >w  for  hr.  after  wf.  .  >  "ry  we  •  e  •  e,  *  •  •  . . 

me  d  i  urn  and  again  a  1  .  >we  d  •  g  r  w  •  2  • 

w  a  s  s  •  p  pe  d  a  t  •  >-.e  me  •  a  p  ‘  a  •  e  •  «g  e  a  -  ••  »  •  •  *  • 

;  .  a  ed  ’p.  Slides  art  « •  a  .  n e  t  . .  -  •  ,  ■ 

were  sham  ex;  se.t  *  .•  •  ♦  e  •  w  .  •.  e  .  ■  • 


for  each  treatment  consisted  of  determining  the  per  err ag 
types  of  chromosomal  aberrations  and  the  percentage  .  t  m. 


In  one  set  of  exper ime nts,  the  cultures  were  : n ; t  ; a .  . v 
(room  temperature)  and  their  temperatures  at  the  end  f  e 
noted.  (Presumably,  the  temperature  of  the  waveguide  was 
with  the  heater.  )  Cultures  were  exposed  a,  V  mV  rr  f 

the  end  of  which  the  culture  temperature  was  >'  deg 
were  then  exposed  at  8?  mW.'sq  cm  for  -  .  8.  >r  .  2  m .  n  .  wr  . 
final  temperatures  of  1  ^  ,  *0,  and  -1  deg  2  Pegar  d  ir.g  •' 

which  were  presented  in  Tat.  e  2  of  the  paper,  t  tie  a.'',  r  <= 

differences  in  aberrations  observed  between  t  he  n't  a 
lated  samples  were  not  significant  at  'tie  *•»  .eve.  -  we 

rations  as  marked  in  Table  2  ;  r.  the  i  r  t  ad  .  at  e  d  e  .  ,  s  we  •  e 

observed  to  be  cons  iderab.y  higher  ?  har.  •  r.a*  .-  *  •  e 

cause  concern.  S  ome  t  ypes  of  aberrati  r.  s  we  •  e  -  • 
the  control  cells  but  appeared  .  r.  t  he  .  :  r  a  t  .  a*  »  t  e  .  " 

To  exemplify  th  se  remarks .  Tat.e  ;  st  we-  --a-  - t  •  • 

:  ilt..  re  exposed  at  ?  *•  mV  s  ;  rr  f  :  s  -  •  . a  • 

.81  f  the  ■  r  *  r  .  e  .  .  s  .  ;  .  v ;  .  .tv.  a  r  -  . . *-• 

in.  2  *  .  f  t  tie  e.  .s  exp  -ed  a’  8 '  mV  ,  -  •  r  -• 

entages  of  .-  h  r  orr.a  T  i  d  t  e a k  s  .  -  ..-.res  ex.  -e  •  -■ 

min  rat  S'-  mW  s  ;  rr.  f  •  .  '  rr.  r  were-  •  -  s -  a  ,  .  e  •  •  •  «• 

and  p'uv;,  .  d  v  w  a  s  f  .rim  .1  t  ■  •  .  e  e  e 

-  mm.  but  was  arse--  •  •  e  e  .  s  ex;  se  •  a  ■  ~ 


s  r  the  results,  little  if  any  credence  can  be  given 
ggest  .  c  n  that  exposure  to  RFR  induces  chromosomal 

s  ;  k  r.  :  f  :  ar.t  degree. 


MHr  RFR 


exposed  2-*  mature  f  ema  le  mice  concurrently  in 
' FR  2  hr  day,  5  days/week,  for  35  weeks.  The 
*  t  ion  of  waveguide  10  ft  long  and  9.75x4.875 


j. vision  of  this  power  level  by  the 
mV  sq  cm,  the  level  indicated  by  the 


her  levels  than  those  nearer  the  walls, 
cm  insertion  and  the  large  number  of 
v  one  mouse  should  integrate  out  to  the 
he  latter  statement  were  taken  at  face 
r  .'ughi  y  *  W/kg  (Durney  et  al.,  1978,  p. 
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lethal  level  within  30-40  min.  For  sub- 
•  :.ev  moved  the  array  of  compartments  1 
;  e  awa/  from  that  longitudinal  maxi- 
hese  to  fit  comfortably  in  an  exposure 

i  sure 


the  remaining  19  mice  in  the  RFR  group 
e  in  the  sham  group;  by  analysis  of 

s  ;  g  r.  :  f  leant  . 


d  haraoteristics  (RBC,  WBC ,  hemo- 
d  before  the  exposure  sequence  and  at 
rh  f  the  sequence,  with  longer  inter¬ 
nes  were  determined  for  48-hr  test 
free  access  to  either  an  activity 
and  water  For  the  sham  group,  down- 
tin.  and  hematocrit  (but  not  WBC)  vith 
.sed  a  t  test  of  paired  differences 
responding  times  throughout  the  test 
T*  test  showed  nonsignificant  dif- 
•  -lean  RBC,  WBC,  hemoglobin,  heraato- 


es  between  groups  were  statistically 
ana  ,  vs  i  s  >  f  variance,  the  differences 


were  significant  only  at  ages  121,  596,  and  708  days.  At  121  days,  the 
RFR  group  weighed  1.1  g  more  than  the  control  group,  but  also  initially 
weighed  0.7  g  more,  so  the  change  was  only  0.4  g.  At  ages  596  and  708 
days,  the  numbers  of  mice  in  both  groups  were  far  smaller  and  the  weight 
ranges  were  much  larger  than  at  121  days.  Therefore,  the  authors  did 
not  ascribe  any  biological  significance  to  these  later- age  findings. 

Skidmore  and  Baum  (1974)  endeavored  to  determine  whether  rapid  changes 
in  electric  and  magnetic  fields  would  induce  injuries  in  biological 
systems  with  high  cell  turnover  rates.  They  exposed  male  and  female 
Sp rague-Dawley  rats  and  male  AKR/J  mice  to  electromagnetic  pulses  ( EMP ) 
continuously  for  38  weeks  (except  for  2  hr /day  on  weekdays)  for  a  total 
of  100  million  pulses  in  an  EMP  simulator  consisting  of  a  parallel-plate 
transmission  line  fed  by  a  pulse  generator,  with  provision  for  placing 
200  nonmetallic  cages  between  the  plates.  Each  pulse  had  a  rise  time  of 
5  nanoseconds,  a  1/e  fall  time  of  550  nanoseconds,  and  a  peak  electric 
field  of  447  kV/m,  and  the  pulses  were  delivered  at  5  pulses  per  second. 

Because  of  the  shape  and  short  duration  of  the  EMP,  the  broad  RFR- 
frequency  spectrum,  and  the  low  pulse-repetition  rate,  endeavors  to 
alculate  and  use  the  equivalent  free-space  average  power  density  and/or 
OAF  for  comparison  with  levels  in  other  studies  are  not  appropriate.) 

..  re  part  of  the  study  was  directed  toward  ascertaining  whether  expo- 
,  .re  to  the  EMP  altered  the  concentration  or  proliferative  capacity  of 
•  re-marrow  cells  (the  latter  assessed  from  concentrations  of  mitotic 
e..s).  The  dependence  of  these  effects  on  exposure  duration  were  de- 
•*>. -mined  by  assaying  them  in  six  each  exposed  and  unexposed  male  rats 
* t  *  *»  r  every  two  weeks  of  exposure.  The  results  for  both  groups  showed 
a: .a' ions  with  time  in  numbers  of  nucleated  bone-marrow  cells  and  of 
-  •  *i-  rubricytes  and  myelocytes,  but  the  differences  between  mean 

a  .* s  for  exposed  and  unexposed  rats  at  corresponding  times  were  non- 
.  f  .  ant  (p>0.05,  t-test).  Also  in  this  part,  bone-marrow  cells  were 
in  metaphase  and  examined  for  chromosomal  aberrations.  In  2000 
! r  ,m  u0  rats  exposed  for  38  weeks,  there  were  only  2  aberrations; 
f  ■  * s  . , : s  were  the  same  for  2000  cells  from  40  control  rats.  Blood 
••  -  ’d*en  from  five  each  of  the  exposed  and  unexposed  rats  used  in 
•  «>  marrow  assays  were  given  standard  blood-chemistry  assays. 

•a*  ,  wore  also  given  postmortem  and  histological  examinations. 

PS  between  groups  in  any  of  the  blood-chemistry  parameters 
f  .  ant,  and  there  was  no  RFR-assoc iated  pathology. 

,  art  of  the  study,  blood  samples  (0.2  ml)  were  obtained  on 

.  ■ +  from  two  groups  of  10  male  rats  and  from  unexposed 

,■  :  • r o  .n'en' rat  ions  of  RBC,  WBC,  neutrophils,  lymphocytes, 
nr!  platelets  were  determined.  Incorporation  of  the 
.  ■  •  -  :  <  into  newly  formed  erythrocytes  was  assayed  in  30  each 

.  .e-j  rats;  Fe-59  was  injected  into  the  tail  vein  of  6 

.,  ?,  14,  and  21  days  from  the  start  of  EMP  exposure 

.  ■  .  •  ’  *  r  •;  f  unexposed  rats. 

•  ro*  .  uioryte  concentration  vs  time  for  the  exposed  and 
.  w »'  1  that  the  counts  for  the  exposed  groups  were 
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Ski  dmo  re  and  Baum  a  ;  s  -  ■  exp'-s*  1  f  .  ,  t  <•«  •,  ar  •  i  a*  s  • 

pulses  during  l  7  days  of  gestation,  w  i  t  h  '  .  v  »  'ir»Kp  s«1  ;  r  eg  r.  a  r.  • 
controls.  On  completion  of  exposure,  'he  f»'  ,s#h  »'t»  r  »rro  »  ) 
and  examined  for  gross  abnormal  it  ies  N--n»  were  •  •  uni  Twe~*  t 
rats  were  continuously  exposed  and,  w  1 1  h  2  0  nt  r  .s,  w«t«  •  t.set 
possible  development  of  mammary  t  irrvirs  At  age  i  year  after  »i 
to  10  million  pulses),  no  mammary  tumors  were  found  in  e.ther  gr 
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Last,  50  male  AKR/J  mice,  a  strain  known  to  be  prone  to  the  sport ane 
ous  development  of  leukemia  between  6  and  12  months  of  age,  were  ex 
posed  to  the  EMP ,  with  50  mice  as  controls.  At  the  end  of  13  weeks  <86 
million  pulses),  the  42  surviving  exposed  mice  and  the  24  surviving  con 
trol  mice  were  euthanized  and  examined  h i s t opat ho  1 og i c a  1 1 y  for  the  pre¬ 
sence  of  leukemia.  Nine  of  the  exposed  mice  (21X)  and  11  of  the  control 
mice  (46X)  were  leukemic.  There  were  no  significant  differences  between 
groups  in  mean  thymic  or  splenic  weight  or  V7BC  count. 


Baum  et  al.  (1976),  noting  that  the  study  above  encompassed  only  about 
half  the  normal  life  span  of  the  rats,  performed  a  similar  study  (same 
EMP  characteristics)  with  male  and  female  Spr ague-Dawley  rats  but  for  94 
weeks  (except  for  1  hr/day  on  weekdays)  starting  at  age  4  months,  for  a 
total  of  250  million  pulses.  During  the  early  part  of  the  exposure,  the 
reticulocyte  count  was  higher  in  the  exposed  than  in  the  control  group, 
as  in  the  previous  study,  but  the  differences  between  groups  were  non¬ 
significant  for  the  last  25  weeks  of  the  period.  This  was  also  true  for 
the  platelet  count.  There  were  also  no  significant  differences  between 
groups  in  the  other  biological  endpoints  previously  studied. 


In  addition  to  those  endpoints,  Baum  et  al.  (1976)  searched  for 
possible  effects  of  the  EMP  on  fertility  by  exposing  five  male-female 
pairs  of  rats  4  months  of  age  for  about  13  weeks  (34  million  pulses); 
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:  »  •  •  r  t,  .  •  *  v’f"«!  ••  M*  .  s  no 4  4g  er.  i  f  r  m  i  •  e  ,  '-r  by  DNA  analysis, 

pvt.  f  a  .  <s  v  •  gene4.  *f!»-n  f,r  the  mutagenesis  aspect, 

■  • v  <*  x ;  tei  4  te  4  4  s  4  »  s  f  ,.  anesthetize. 1  5  b  d  a  v  old  Swiss  mine  to 

•e  •  •  .  a..v  p  •  .  a  r  ;  /  e-*  .  .Hz  U  (ifN  at  SO  mW  /  sq  <  ro  for  10  min  and  the 
4  » “ 4  •  s  f  t  ter  mi  •  e  a»  ,0  mW/  sq  -  m  for  80  m.n  The  exposures  were 

1  re  ,n  4  he  near  fie.d  of  a  standard  gain  horn  within  an  anechoic 
tarr.ter  w  i  t  h  the  rest  of  eah  mouse's  body  shielded  with  RFR  a  bso  r  b  i  ng 
■ria'er.a,  Ten  mi  e  were  sham  exposed  concurrently  with  each  RFR  group. 

After  2-*  hours  for  recovery,  each  RFR-exposed  and  control  male  was 
aged  separately  for  one  week  with  three  56  day-old  unexposed  virgin 
females  Then,  the  females  were  replaced  with  fresh  ones  each  week  for 
’he  next  seven  weeks,  for  a  total  of  eight  weeks  of  mating.  The  females 
were  examined  each  morning  for  vaginal  plugs.  On  gestation  day  13,  the 
mice  were  euthanized  and  s-  ored  for  normal  living  implants,  late  fetal 
deaths,  and  resorption  sites  (the  latter  being  the  dominant  lethals). 

Three  of  the  10  males  exposed  at  50  mW/sq  cm  for  30  min  died  (one  each 
during  weeks  2,  4,  and  6  postexposure )  and  two  of  the  10  sham-exposed 
males  died.  The  authors  stated:  "The  deaths  in  the  control  group  cannot 
be  attributed  to  treatment  during  sham- i r rad iat ion ;  these  deaths  did  not 
interfere  with  the  statistical  analysis."  For  corresponding  weeks,  the 
number  of  mice  mated  to  the  exposed  males  each  week  that  were  pregnant 
was  less  than  for  those  mated  to  the  sham-exposed  males.  For  the  RFR 
and  share  groups,  the  overall  pregnancy  rates  were  respectively  63. 8X  and 
862,  indicating  decreased  male  fertility  and  higher  preimplantation  loss 
for  the  RFR  group. 

The  Mutagenicity  Index  (MI)  was  defined  as  the  ratio  (in  percent)  of 
the  number  of  early  deaths  to  the  total  number  of  implants.  There  were 
two  late  fetal  deaths  in  the  RFR  group  and  five  in  the  sham  group.  The 
authors  noted  that  whether  or  not  late  fetal  deaths  should  be  included 
in  a  mutagenicity  index  was  subject  to  debate,  but  decided  to  exclude 
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’  t.(*ra  t  r  i->m  t  fie  l  r  Mis  Tlie  Mis  were  shown  in  Table  1  of  the  paper.  For 
the  RFR  group,  they  ranged  from  a  low  of  1.61X  for  t  Fie  first  week  to  a 
maximum  of  b  98X  for  the  fourth  week,  with  an  overall  value  of  1  181; 
i  Fie  Mis  for  t  Fie  sham  group  ranged  from  0  .  34X  for  the  third  week  to  2.28J 
for  t  Fie  eighth  week,  with  an  overall  value  of  1.17X.  The  authors  noted 
t  Fiat  by  i.Fu  square  test,  the  differences  between  the  RFR  and  sham  groups 
were  signif  leant  at  p<0.01  for  t  Fie  third  and  fourth  weeks,  significant 
at  pO  Ob  for  the  fifth  and  sixth  weeks  and  overall,  and  nonsignificant 
p  '0.0b)  for  we eks  1.  2,  7,  and  8. 

Itiere  were  no  deaths  in  the  10  males  exposed  at  10  mW/sq  cm  for  80 
min  The  overall  pregnancy  rates  for  the  RFR  and  sham  groups  were  69. 9X 
and  81.41,  respectively.  There  were  6  late  fetal  deaths  in  the  RFR 
group  vs  3  in  the  sham  group,  a  2:1  ratio  (not  "2  order  of  magnitude"). 
The  Mis  were  shown  in  Table  2  of  the  paper.  For  the  RFR  group,  they 
ranged  from  1  .  54X  for  the  seventh  week  to  4.72X  for  the  sixth  week,  witFi 
an  overall  value  of  3.09X;  the  MI  range  for  the  sham  group  was  from 
0  31X  for  the  first  week  to  1.53X  for  the  sixth  week,  with  an  overall 
value  of  1.0X.  By  the  authors'  chi-square  test,  the  differences  between 
the  groups  were  significant  at  p<0.05  for  the  first,  second,  third,  and 
sixth  weeks  and  overall,  significant  at  p<0.01  for  the  fifth  week,  and 
nonsignificant  (p>0.05)  for  the  fourth  and  seventh  weeks.  (For  unstated 
reasons,  the  results  for  the  eighth  week  were  not  presented.) 

Tables  1  and  2  of  the  paper  contained  some  tabulation  errors,  the  chi- 
square  values  for  differences  between  RFR  and  sham  values  were  calcu¬ 
lated  incorrectly,  and  the  chi-square  limit  values  for  5X  probability 
were  stated  incorrectly.  With  correctly  calculated  chi-square  values, 
the  differences  in  overall  values  between  RFR  and  sham  groups  study  were 
significant  for  both  exposure  conditions,  but  nonsignificant  for  most  of 
the  individual  weeks  postexposure.  Exposure  at  50  mW/sq  cm  for  30  min 
caused  a  marked  reduction  in  fertility  of  the  mice,  but  exposure  at  10 
mW/sq  cm  for  80  min  caused  only  a  marginal  reduction. 

For  the  cytogenetic  aspects  of  the  study,  Varraa  and  Traboulay  (1976) 
exposed  the  testes  of  groups  10  mice  each  to  the  1 . 7-GHz  RFR  at  50  mW/sq 
cm  for  30  min  and  at  10  mW/sq  cm  for  80  rain  as  above,  and  to  0.985-GHz 
CW  RFR  at  10  mW/sq  cm  for  80  min.  Following  exposure,  the  testes  were 
ground,  the  cells  were  lysed  in  urea,  and  the  double-stranded  DNA  was 
extracted.  Samples  of  the  DNA  from  each  group  were  pooled  and  assayed 
for  their  nucleotide  composition,  and  were  heated  to  determine  their 
hyperchroraicity  (defined  as  the  percentage  difference  between  final  and 
initial  optical  density)  and  their  melting  temperature  (Tra) .  The 
authors  stated  that  groups  of  10  sham-exposed  males  each  were  similarly 
treated.  However,  the  numerical  results  for  the  RFR  groups  (shown  in 
Tables  3,  4,  and  5  of  the  paper)  apparently  were  compared  with  those  for 
"normal"  DNA,  since  the  latter  data  were  identical  in  all  three  tables. 

The  value  of  Tm  for  the  group  exposed  to  1 . 7-GHz  RFR  at  50  mW/sq  cm 
for  30  min  was  about  2  deg  C  lower  than  for  normal  DNA  (85  vs  87  deg  C). 
The  asymmetry  ratio  (defined  as  the  nucleotide  composition  ratio  of  A+T 
to  G+C)  was  1.6  for  the  RFR  group  and  1.32  for  normal  DNA,  a  significant 


177 


ft 


a 


difference  The  hypen  hromit ity  for  the  RFR  group  was  24X  vs  10X  for 

normal  DNA  The  corresponding  difference*  between  the  group  exposed  to 

.  1  GHz  RFR  at  10  roW, sq  cm  for  80  min  and  normal  DNA  were  smaller  1  dry 
C  in  Tro  i  86  vs  8?  deg  C),  asymmetry  ratio  of  1  AS*)  vs  1  12,  and  28  6X  vs 
10X  for  hyperc  hromic  i  t  y  .  For  the  group  exposed  to  0  985  GHz  RFR  at  10 
mW/sq  cm  for  80  min,  however,  the  differences  were  comparable  to  those 
for  the  group  exposed  at  the  higher  level  of  1  7  -  GHz  RFR  a  Tm  of  8  6  5  , 
an  asymmetry  ratio  of  1.63,  and  a  hyperchromic it y  of  26  84X  The  RFR 
induced  changes  in  hy pe rc hr ora l c l t y  reflect  decreases  in  hydrogen  bonding 
in  the  DNA  molecule  and  thus  support  the  possibility  that  RFR  causes 
strand  separation. 

The  authors  concluded  that  exposure  to  nonionizing  radiation  does 
cause  genetic  damage  in  Swiss  male  mice.  They  discussed  the  signifi¬ 
cance  of  dominant  lethal  mutations,  indicating  that  such  effects  are 
thought  .o  represent  the  results  of  damage  or  fragmentation  of  chromo¬ 
somes,  rather  than  point  mutations  therein;  however,  not  all  agents  that 
produce  chromosomal  damage  cause  dominant  lethal  effects,  and  the  signi¬ 
ficance  of  the  dominant  lethal  effect  is  still  uncertain.  The  relation 
ship  of  DNA  changes  to  mutagenic  effects  is  also  uncertain.  Moreover, 
the  DNA  assays  included  the  entire  testis,  of  which  about  40X  is 
structural  and  supportive  tissue,  rather  than  seminal  epithelium. 

Lastly,  the  mice  were  anesthetized  during  exposure  and  the  bodies  were 
shielded  from  the  RFR,  exposing  only  the  testes,  as  noted  previously. 
However,  anesthesia  markedly  reduces  the  ability  of  small  rodents  to 
control  body  temperature.  Hence,  the  reported  experiments  may  have 
involved  substantial  rises  in  testicular  temperature,  so  the  results  may 
not  be  representative  for  unanesthetized  animals  exposed  at  the  same 
power  densities  for  the  same  durations. 

Varma  et  al.  (1976)  conducted  similar  DLTs  (but  not  DNA  assays),  in 
which  only  the  testes  of  Swiss  male  mice  were  exposed  to  2.45-GHz  RFR. 

In  Experiment  I,  the  testes  of  15  mice  were  exposed  once  for  10  rain  at 
100  raW/sq  cm.  Five  of  these  died.  The  authors  did  not  discuss  the 
cause  of  death.  The  remaining  mice  were  mated  with  fresh  females  each 
week  (as  in  the  other  study)  for  six  or  seven  weeks.  The  controls  were 
sham-exposed  and  similarly  mated.  There  was  no  mention  of  deaths  in 
controls.  On  gestation  days  13-15,  the  females  were  euthanized  and 
scored  for  living  implants,  late  fetal  deaths,  and  resorption  sites. 

For  the  RFR  and  sham  groups  respectively,  the  overall  pregnancy  rates 
were  55.22  and  46.72  and  the  overall  numbers  of  implants  were  11.3  and 
11.4,  so  the  RFR-induced  decrease  in  male  fertility  and  the  higher 
preimplantation  loss  suggested  from  the  results  of  exposure  to  1 . 7-GHz 
RFR  at  50  mW/sq  cm  in  the  other  study,  were  absent  here.  Moreover,  the 
almost  2:1  difference  in  pregnancy  rates  of  the  two  sham  groups  (862  vs 
46.72)  may  indicate  that  uncontrolled  non-RFR  factors  were  present.  The 
Mis  for  the  RFR  group  ranged  from  3.92  for  weeks  4  and  6  to  17.32  for 
week  1,  with  an  overall  value  of  6.32.  For  the  sham  group,  the  Mis 
ranged  from  0.92  for  week  6  to  9.52  for  week  1,  with  an  overall  value  of 
4.72.  By  the  authors'  chi-square  test,  the  differences  between  groups 


!  r  i  ami  6  and  overall  were  slgmt  n  ant  at  t  tie  p  ■'  0  US  levei 

In  txper  i  men  t  II,  ttie  testes  of  2  *•  m  n  e  were  exposed  four  ti  me  s  a  *  1 
mW /»ij  m  for  10  min  eaiti  at  ttiree  day  intervals  over  a  period  of  tW' 
weeks  Ttiree  mil#  died  after  expo  so  re,  and  IS  of  ttie  remaining  mi  e 
were  randomly  selected  and  mated  w  1 1  ti  females  for  ttie  KfH  and  sham 
groups  respectively,  ttie  overall  pregnancy  rates  were  SO  OX  and  4  1  81 

and  ttie  overall  numbers  of  imp  ant  s  per  pregnancy  were  9  0  and  9  8 
Itiere  were  no  significant  differences  between  ttie  groups  in  week  1  y  or 
■verall  Mis,  so  the  authors  did  not  ascribe  any  significame  to  ttie 
difference  in  t  he  number  of  implants 

In  Experiment  III,  ttie  testes  of  16  mice  were  exposed  ttiree  times  at 
SO  mW/sq  cm  for  10  min  each  at  2  hr  intervals  on  the  same  day  Five 
died  during  exposure  For  the  RFR  and  sham  groups  respectively,  the 
overall  pregnancy  rates  were  48  SI  and  13  9X  and  the  overall  numbers  of 
implants  per  pregnancy  were  89  and  91  The  Mis  for  the  RFR  group 
ranged  from  1 . 8X  for  week  S  to  11. IX  for  week  6,  with  an  overall  value 
of  4  6X  For  the  sham  group,  the  Mis  ranged  from  0 . 8X  for  week  4  to 
6.7X  for  week  2,  with  an  overall  value  of  3.4X.  By  the  authors'  chi 
square  test,  the  differences  between  groups  for  weeks  4  and  6  were 
significant  at  the  p<0.05  level  and  the  difference  in  overall  values  was 
nonsignif  leant  . 

Varma  et  al.  (1976)  concluded  that  single  exposures  of  mice  to  2.45- 
GHz  RFR  at  100  mW/sq  cm  are  mutagenic,  but  that  single  or  multiple 
exposures  distributed  over  time  at  50  mW/sq  cm  are  not.  However,  as  in 
Varma  and  Traboulay  (1976),  systematic  errors  were  made  in  the  computa¬ 
tion  of  the  chi-square  statistic  used  to  evaluate  significance.  Correct 
computation  of  chi-square  showed  no  significant  differences  between  RFR 
and  sham  groups  (even  at  100  mW/sq  cm).  Moreover,  consolidation  and  use 
of  the  results  for  the  control  groups  in  both  studies  (suggested  by  the 
large  non-RFR  differences  among  them,  exemplified  above),  yielded  no 
mutagenic  effects  for  any  of  the  frequencies  (at  the  levels  and  dura- 
t ions  used  )  . 

Not  discussed  by  the  authors  were  the  deaths  of  five  of  15  mice  after 
exposure  in  experiment  1,  three  of  24  mice  after  exposure  in  experiment 
2,  and  five  of  16  mice  during  exposure  in  experiment  3.  Clearly,  the 
RFR  levels  used  were  only  somewhat  below  that  for  LD50. 

Berman  et  al.  (1980),  in  one  of  three  experiments,  used  12  Sprague- 
Dawley  male  rats  exposed  to  2.45-GHz  CW  RFR  at  5  mW/sq  cm  for  4  hr/day 
from  gestation  day  6  to  age  90  days  and  12  rats  similarly  sham-exposed. 
The  rats  were  the  90-day-old  survivors  of  the  study  by  Smialowicz  et  al. 
(  1979a);  see  Section  3. 3. 2.1.  The  mean  SARs  (determined  by  twin-well 
calorimetry)  ranged  from  4.7  W/kg  for  ages  1-5  days  to  0.9  W/kg  for  ages 
31-40  days  and  were  less  than  0.9  W/kg  for  rats  older  than  40  days.  In 
the  second  experiment,  14  young  adult  rats  were  exposed  5  hr/day  for  5 
days  at  10  mW/sq  cm  and  16  were  sham-exposed.  In  the  third  experiment, 

6  rats  each  were  sham-exposed  and  exposed  4  hr/day,  5  days/week,  for  4 
weeks  at  28  mW/sq  cm.  The  exposure  facility  described  in  Blackman  et 
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Tw- ■  RFR  ex[>nsed  males  in  exper  iment  2  were 


'  n  lav  10  after  ea>  li  weekly  breeding,  the  females  were  euthanized  and 
examined  for  pregnancy,  number  of  live  and  dead  1  oni  *p( uses ,  and  number 
-  f  ur  po r  a  lutea  Preimplantation  loss  was  calculated  by  subtracting 
trie  total  number  of  conceptuses  (live  ♦  dead  ♦  resorbed)  in  each  litter 
from  the  number  of  corpora  lutea  The  authors  noted  that  if  the  loss 
for  an  RFR  group  is  significantly  larger  than  for  the  corresponding  sham 
group,  it  may  indicate  embryonic  death  due  to  mutagenic  alteration  of 
spe  rm . 


During  the  week  after  the  last  breeding,  the  males  in  experiments  2 
and  3  were  euthanized.  Body  and  organ  weights  were  determined.  Both 
caudal  epididymes  were  removed  from  the  rats  of  experiment  2,  placed  in 
2  ml  of  warmed  saline,  and  cut  into  small  pieces  to  free  the  sperm  from 
the  lumena.  After  each  suspension  was  diluted  and  fixed  with  10X 
neutral  formalin,  the  relative  sperm  concentration  was  determined  by 
particle  counting.  Smears  were  taken  prior  to  fixation,  and  the  sperm 
were  fixed  and  stained  with  eos  in-nigros  in ;  two  hundred  cells  were 
examined  and  the  number  of  live  cells  was  determined. 


Only  data  from  RFR  and  sham  groups  for  the  same  breeding  period  and 
experiment  were  compared.  The  pregnancy  ratios  for  each  breeding  were 
analyzed  by  the  chi-square  test.  Litter  values  were  used  in  analyzing 
the  numbers  of  live  and  dead  conceptuses  and  post  imp  1  ant  at  ion  losses. 
Fetal  data  of  experiment  2  were  given  the  Freeraan-Tukey  transformation, 
with  the  number  of  corpora  lutea  as  the  denominator,  then  a  multivariate 
analysis  of  variance  was  used  to  test  differences  in  means  between  sham 
and  RFR  groups.  Body  weights,  organ  weights,  sperm  concentrations,  and 
temperature  measurements  were  examined  by  analysis  of  variance. 


In  experiment  1,  the  only  significant  difference  was  in  the  mean  num¬ 
ber  of  dead  fetuses  per  litter,  which  was  higher  in  the  females  mated 
with  sham-exposed  males  than  in  those  mated  with  RFR-exposed  males,  and 
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In  e  ape  t  i  me  nt  t  .  whi  fi  involved  breedings  during  the  periods  t  9  ,  I  ' 
*1  '  ’  .  >»  5  sj  S  9  6  6,  and  ’2  '8  days  after  s  ham  or  R  FK  exposure  of 
•he  males,  there  were  only  two  significant  differen.es  Fleven  <  *  f  t  tie 
.2  females  bred  w  1 1  h  sham  exposed  males  f  9  days  after  treatment  were 
found  to  be  pregnant  vs  only  6  of  the  12  females  bred  with  RFR  exposed 
males  For  the  breeding  period  If  21  days,  the  mean  number  of  live 
fetuses  pet  litter  was  1 5  2  * /  2  S  for  11  females  of  the  sham  group  vs 

.11*/  <9  fur  12  females  of  the  RFR  group;  the  corresponding  mean 
numbers  of  dead  fetuses  per  litter  were  1  0  ♦/  1  1  vs  Of  ♦/  1.7,  a 
nonsignificant  difference,  but  the  difference  in  total  numbers  of 
fetuses  for  that  breeding  period.  16.2  ♦/-  2.4  vs  11.7  ♦/-  3.9,  was 

s  ign  i  f  ic  ant 


For  corresponding  groups  of  RFR-  and  sham-exposed  males  in  experiments 
2  and  3,  there  were  no  significant  differences  in  mean  body  weights  or 
weights  of  testes,  liver,  or  adrenals.  Also  not  significant  were  the 
differences  in  relative  concentration  of  epididymal  sperm  or  percentage 
of  live  sperm  between  groups  in  experiment  2. 

During  90  min  of  sham-exposure  of  anesthetized  rats,  both  mean  rectal 
temperature  and  mean  Int ratest icul ar  temperature  decreased,  from  38.8  to 
36.5  deg  C  end  from  34.6  to  32.1  deg  C,  respectively.  For  the  rats 
exposed  at  28  mU/sq  cm,  mean  rectal  temperature  increased  from  38.4  to 
40.9  deg  C  and  mean  intratest icular  temperature  from  33.9  to  37.5  deg  C. 

In  summary,  no  evidence  was  found  in  this  study  for  increase  of 
dominant  lethal  mutations  induced  by  RFR  at  power  densities  up  to  28 
mW/sq  cm  ( SARs  up  to  5.6  W/kg).  Regarding  male  fertility,  the  authors 
stated:  "Only  in  the  most  severe  regimen  (experiment  3)  was  there  any 
hint  of  a  deleterious  effect.  In  the  breedings  that  took  place  from 
three  to  nine  days  after  treatment,  only  50X  of  the  dams  bred  to 
irradiated  males  showed  pregnancies.  This  effect  was  temporary,  lasting 
only  until  the  next  breeding  period,  17  days  after  treatment." 
Presumably,  this  temporary  sterility  was  associated  with  the  significant 
increases  in  rectal  and  intratesticular  temperatures. 

McRee  et  al .  (1981),  noting  that  analysis  of  sister  chromatid  exchange 
(SCG)  induction  is  a  sensitive  technique  for  assaying  genetic  damage  of 
mutagens  and  carcinogens,  used  this  technique  to  determine  whether  RFR 
is  mutagenic  in  mice.  A  horizontal  circular  array  of  12  ten-week-old 
CD1  mice  in  individual  Styrofoam  cages  was  exposed  from  above  to  far- 
field  2.45-GHz  CW  RFR  at  20  mW/sq  cm  in  an  anechoic  chamber  at  22  deg  C 
and  55X  relative  humidity.  The  exposures  were  for  8  hr/day  (4  hr  each 
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SARs  ware  determined  for  leveral  mouse  configuration*  and  orientations 
relative  to  the  RFR  by  measuring  deep  colonic  temperatures  in  dead  mice 
luring  exposure  at  20  mW/sq  cm  and  using  the  heating  and  cooling  curves, 
as  described  in  McRee  (ld?4)  The  values  ranged  from  1  5  6  to  2b  S  W/kg, 

rut  the  live  mice  were  curled  up  during  most  of  each  exposure  period  and 
were  essentially  parallel  to  the  electric  vector,  for  which  the  SARs 
were  near  the  upper  value 

Two  other  groups  of  12  mice  each  were  used  as  controls  On*  group  was 
sham-exposed  within  the  anechoic  chamber  in  identical  Styrofoam  cages 
under  conditions  otherwise  similar  to  those  for  the  RFR  group;  the  other 
group  was  kept  and  not  handled  in  home  cages  that  were  placed  within  a 
second  environmental  chamber  identical  to  the  one  used  for  RFR  exposure 

Analysis  of  SCEs  in  bone  marrow  of  the  femurs  of  the  mice  was  per¬ 
formed  by  the  method  of  Allen  and  Lett  (1976)  immediately  after  termin¬ 
ation  of  28  days  of  exposure.  At  least  15  cells  per  mouse  were  exam¬ 
ined.  The  mitotic  index  was  determined  by  scoring  the  proportion  of 
metaphase  cells  in  a  sample  of  more  than  1000  bone  marrow  cells  from 
each  mouse.  Results  for  only  three  mice  of  each  group  were  presented; 
the  remaining  mice  were  eliminated  primarily  because  the  numbers  of 
cells  per  sample  were  inadequate,  a  feature  inherent  in  the  specific 
type  of  assay.  The  results,  presented  in  Table  22  (Table  II  of  the 
paper),  were: 

TABLE  22:  FREQUENCY  OF  SISTER  CHROMATID  EXCHANGE 
IN  MOUSE  BONE  MARROW  CELLS 


MOUSE 

MITOTIC 

NO.  CF 

SCE  RANGE 

MEAN  SCE  PER  CELL 

GROUP 

NO. 

INDEX  (X) 

CELLS 

♦  /- 

SEM 

Control 

C-26 

9.8 

61 

1-8 

3.56 

+  /- 

0.22 

Control 

C-27 

11.0 

19 

0-4 

2.26 

*/- 

0.24 

Control 

C-28 

8.6 

15 

1-5 

Mean  of  means: 

3.13 
:  2.98 

*/- 

0.29 

Sham 

SC- 14 

9.7 

90 

0-10 

3.09 

♦  /- 

0.21 

Sham 

SC- 15 

9.3 

55 

0-6 

2.76 

♦  /- 

0.13 

Sham 

SC-16 

10.5 

24 

1-6 

Mean  of  means 

2.83 
:  2.89 

+  /- 

0.29 

RFR 

M-2 

8.2 

60 

0-8 

2.97 

+  /- 

0.19 

RFR 

M-3 

8.7 

54 

0-11 

3.28 

+  /- 

0.29 

RFR 

M-4 

9.8 

40 

1-6 

Mean  of  means 

2.70 
:  2.98 

+/- 

0.28 

Aa  noted  by  the  authors,  the  mean  of  means  for  each  group,  shown 
above,  were  comparable,  about  3  SCEs  per  metaphase  cell,  indicating  that 
RFR-exposure  did  not  significantly  affect  sister  chromatid  exchanges. 
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In  addit  u>n  ,  inilysn  of  t  h»  mitot  i  index  values  showed  t  fiat  the  RFR 
had  no  significant  effect  on  the  rate  of  proliferation  of  hone  marrow 
.ells 

Saunders  and  Kowalczuk  (19811,  as  discussed  in  Sec  t  i on  *  h  2  ,  had 
found  that  exposure  of  the  rear  halves  of  ane  s  t  tie  t  i  zed  mature  male  mice 
to  2  -S  GHz  RFR  at  half  body  SARs  of  4 1  W/kg  or  higher  for  '0  min 
severe. v  reduced  sperm  production  during  the  heat  sens  1 1  ive  stages 
Saunders  et  al  (1983'  therefore  endeavored  to  determine  whether  such 
exposure  was  mutagenic  for  male  germ  cells.  Four  groups  of  six  sexual  lv 
mature  male  C3H  mice  each  were  anesthetized  l.p.  with  sodium  pentobarbi 
tal,  and  the  rear  halves  of  their  bodies  were  exposed  to  2.^5-GHz  RFR 
for  10  min  at  4lu.  W/kg  (half  body  SAR )  in  the  same  waveguide  system 
used  previously.  For  each  RFR  group,  a  group  of  six  mice  was  similarly 
sham  exposed .  For  a  positive  control,  11  mice  (groups  of  5  and  6)  were 
exposed  to  WO-keV  X-rays  at  a  dose  to  the  testes  of  about  1.5  Gy,  with 
appropriate  sham-exposure  groups. 

Rectal  temperatures  were  measured  immediately  before  and  after  expo¬ 
sure.  The  mean  values  at  the  end  of  RFR-  and  sham-exposure  were  41.5 
♦/-  0.1  (SE)  and  34.1  ♦/-  0.3  deg  C,  respectively. 

Following  treatment,  each  male  was  caged  with  two  sexually  mature  vir¬ 
gin  CBAxC3H  FI  female  mice  for  seven  days,  after  which  the  males  were 

placed  in  fresh  cages  and  mated  with  a  second  batch  of  females.  This 

process  was  repeated  until  the  males  had  been  mated  for  8-10  weeks.  The 
females  were  euthanized  14  days  after  mating  if  a  vaginal  plug  was  pre¬ 
sent  or  18  days  after  caging  if  not.  When  uterine  implants  were  pre¬ 
sent,  large  and  small  deciduomata,  indicative  of  development  halted  by 
early  embryo  death,  were  counted.  Also  counted  were  the  corpora  lutea, 
live  embryos,  and  late  fetal  deaths. 

The  percentage  of  females  rendered  pregnant  by  mating  with  RFR-exposed 
males  was  comparable  to  the  percentage  for  mating  with  sham-exposed 
males  during  the  first  two  mating  weeks,  but  diminished  significantly 
for  weeks  3  through  8  and  rose  to  comparable  values  again  by  week  10. 

For  each  mating  week,  the  numbers  of  corpora  lutea  per  pregnant  female 

of  the  weekly  RFR  and  sham  groups  were  comparable.  However,  the  number 
of  total  implants  for  the  RFR  groups  diminished  by  week  5  to  a  minimum 
of  about  half  that  for  the  corresponding  sham  group  and  then  recovered 
by  week  10,  but  on  the  other  hand,  the  percentages  of  live  implants  to 
total  implants  for  the  RFR  and  sham  groups  were  comparable  each  week. 
Analyses  of  these  results  by  a  sequence  of  five  successive  hierarchical 
models  to  assess  the  separate  contributions  of  various  possible  factors 
to  the  overall  responses  confirmed  the  statistical  significance  of  the 
differences  above. 

Thus,  the  results  of  Saunders  et  al.  (1983)  showed  no  evidence  of  RFR- 
induced  dominant  lethal  mutagenic  effect.  The  diminution  of  total 
implants  was  ascribed  to  decreased  male  fertility,  in  consonance  with 
the  previous  findings  (Saunders  and  Kowalczuk,  1981). 
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As  discussed  in  Section  'll.  possible  sssoc  tat  ions  between  .-hr  or: 
RFR  exposure  snd  cancer  incidence  have  been  reported  in  some  epidem: 
gic  studies  However,  few  studies  specifically  dire  ted  ’  'ward  deter 
ttuiung  whether  RFR  induces  or  promotes  an  er  in  animals  have  been 
pe  r  f  o  rmed 


Prausnitz  and  Susskind  limbi'  were  among  the  first  t.  study  the 
effects  of  exposing  animals  to  RFR  over  a  long  t  ime  per  lod  They 
exposed  200  mice  in  groups  of  10  for  *  S  min'dav,  *>  days  week,  for 
weeks  to  9  3-GHz  pulsed  RFR  (  2 -mic  rosecond  pulses,  *>00  pps 
cm  average  power  density,  which  caused  a  mean  body 
3.?  deg  C.  Based  on  a  p r ol a t e - sphe r o ida 1  model  of 


al.,  1978,  pp.  97-99),  the  SAR  was  about  4S  W/kg 
rise  of  t .  7  deg  C.  found  sufficient  to  cause  death 


<"3 

t  100  mU  s 
t  empe  rature  rise  of 
a  mouse  cOurney  et 
A  body  temperature 
in  half  t  he  animals 


( LDS0  )  ,  was  attained  in  12  min  at  100  raW/sq  cm.  so  exposure  for  <•  *>  min 


at  this  power  density  was  close  to 
were  sham-exposed  for  controls. 


but  not  lethal  A  group  of  100  mice 


The  results  of  this  study  are  discussed  in  detail  in  Section  3  S3 
As  noted  therein,  an  unexpected  finding  was  that  leukosis  had  developed 
in  some  of  the  mice,  with  incidence  greater  in  the  RFR-exposed  than  the 
sham-exposed  mice.  The  authors  had  mistakenly  described  leukosis  as  a 
"cancer  of  the  white  blood  cells,"  thereby  implying  a  link  between  RFR 
exposure  and  cancer  incidence.  Leukosis,  however,  is  defined  basically 
as  elevation  of  circulating  leukocytes,  which  in  this  study  may  have  due 
to  infection  or  other  functional  disturbance.  Moreover,  Roberts  and 
Michaelson  (1983),  in  a  reanalysis  of  the  primary  data  of  Prausnitz  and 
Susskind  (1962),  concluded  that  this  study  provided  no  evidence  that 
chronic  RFR  exposure  does  or  does  not  induce  any  form  of  cancer. 


In  the  study  by  Skidmore  and  Baum  (1974),  discussed  in  Section  3.2.2 
above,  it  was  found  that  continuous  exposure  of  20  females  to  EMP  did 
not  lead  to  the  development  of  any  mammary  tumors,  and  that  exposure  of 
a  strain  of  mice  prone  to  spontaneous  leukemia  did  not  promote  leukemia; 
21X  of  the  exposed  mice  vs  46X  of  the  control  mice  developed  leukemia. 


3.2.4  CONCLUSIONS 


Based  on  the  foregoing  studies,  there  is  no  evidence  that  exposure  to 
RFR  induces  mutations  in  bacteria,  yeasts,  or  fruit  flies  except  under 
conditions  that  cause  significant  temperature  rises  in  the  specimens. 
Several  studies  showed  that  exposure  of  male  rodents  to  RFR  levels  that 
produce  frank  heating  of  the  testes  tend  to  reduce  fertility,  but  such 
RFR  levels  were  not  found  to  be  mutagenic.  There  is  also  no  evidence 
that  chronic  exposure  to  RFR  induces  or  promotes  any  form  of  cancer  in 
mammals . 
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3.3  STUDIES  ON  TERATOGENESIS  AND  DEVELOPMENTAL  ABNORMALITIES 

In  the  narrowest  sense  of  the  word,  teratogenesis  refers  to  production 
of  anatomical  aberrations  in  a  developing  fetus,  but  more  generally 
includes  fetal  death  and/or  resorption,  and  physiological  and  cellular 
abnormalities  in  offspring  observed  postpartum.  The  term  is  most  often 
applied  to  the  development  of  mammalian  fetuses.  However,  teratogenic 
and  developmental  effects  of  RFR  on  nonmammalian  subjects,  e.g.,  birds 
and  insects,  have  also  been  studied. 

Two  general  remarks  are  pertinent  to  various  studies  of  RFR-induced 
teratogenesis.  First,  the  mechanism  by  which  terata  are  usually  pro¬ 
duced  involves  alteration  (often  temporary)  in  the  rate  of  growth  of  a 
particular  tissue  under  development.  Development  of  the  entire  fetus  is 
a  complex  process  requiring  that  individual  tissues  develop  within  pre¬ 
set  time  frames,  and  interruption  of  this  timing  can  result  in  abnor¬ 
malities  because  a  particular  tissue  or  organ  fails  to  complete  develop¬ 
ment  on  schedule.  Because  of  this,  production  of  abnormalities  is  high¬ 
ly  dependent  on  the  time  in  the  gestation  sequence  when  the  agent  is 
applied  and  on  the  species  of  animal  under  study. 

Second,  the  experimental  circumstances  in  studies  of  the  development 
of  birds'  eggs  or  insect  pupae  differ  from  those  in  studies  of  mammalian 
teratogenesis.  In  nonmamraalian  studies,  the  experimental  material  is 
exposed  to  the  whole  environment  without  any  maternal  protection;  hence 
the  studies  must  include  rigorous  control  of  all  external  conditions, 
including  ambient  temperature.  In  mammalian  studies,  the  developing 
fetus  is  isolated  from  the  environment  to  a  considerable  extent  by  the 
dam;  however,  the  effects  of  noxious  agents  on  the  dam  may  constitute 
potential  indirect  sources  of  fetal  abnormalities. 

3.3.1  EFFECTS  ON  NONMAMMALIAN  SPECIES 

Several  studies  have  been  conducted  on  RFR  induction  of  teratogenesis 
in  pupae  of  the  darkling  beetle  (Tenebrio  raolitor).  Carpenter  and 
Livstone  (1971)  exposed  individual  pupae  to  10-GHz  RFR  in  a  waveguide  at 
the  equivalent  of  about  17  raW/sq  cm  (40  W/kg)  for  2  hr  or  at  68  mW/sq  cm 
(160  W/kg)  for  20  or  30  rain.  As  representative  results,  only  20X  of  the 
pupae  exposed  at  17  mW/sq  cm  (40  W/kg)  developed  into  normal  beetles;  4% 
died  and  76X  displayed  gross  abnormalities.  Of  the  pupae  exposed  at  68 
mW/sq  cm  (160  W/kg)  for  20  min,  24X  developed  into  normal  beetles,  251 
died,  and  51Z  displayed  gross  abnormalities.  About  90Z  of  the  sham- 
exposed  pupae  developed  normally.  Pupae  were  also  radiantly  heated  to 
temperatures  obtained  with  RFR,  and  about  75Z  emerged  as  normal  beetles. 
The  investigators  therefore  concluded  that  the  abnormal  development  of 
RFR-exposed  pupae  cannot  be  explained  as  a  thermal  effect. 

Lindauer  et  al.  (1974),  using  CW  or  pulsed  (0.25-microsecond  pulses  at 
1600  pps  or  16  pps)  9-GHz  RFR  at  equivalent  average  power  densities, 
also  obtained  statistically  significant  numbers  of  anomalies  in  Tenebrio 
exposed  at  17.1  and  8.6  raW/sq  cm  (41  and  21  W/kg).  The  results  showed 
no  significant  differences  for  pulsed  and  CW  RFR  at  the  same  average 
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power  density.  Also,  no  clear  dependence  of  the  effect  on  dose  rate  or 
total  dose  was  found. 

Liu  et  al.  (1975)  extended  this  work  at  9  GHz  and  found  significant 
teratogenesis  for  2-hr  exposures  at  a  power  density  as  low  as  about  0.17 
raW/sq  cm  (0.41  W/kg).  In  addition,  exposures  at  various  levels  and 
durations  corresponding  to  a  constant  incident  energy  dosage  of  4  raW-hr 
(of  which  about  a  third  was  absorbed  by  each  pupa)  yielded  evidence  of 
an  inverse  (reciprocal)  relationship  between  power  density  and  duration. 

Green  et  al.  (1979)  found  that  Tenebrio  pupae  cultured  and  exposed  to 
9-GHz  RFR  in  ambient  relative  humidities  of  less  than  35X  appeared  to  be 
more  susceptible  to  RFR  teratogenesis  than  pupae  similarly  treated  at 
higher  humidities.  At  the  lower  humidities,  they  observed  a  slight  rise 
in  the  incidence  of  terata  with  increasing  applied  RFR  power  (2-hr 
constant  exposure)  up  to  34  mW/sq  cm  (80  W/kg).  At  272  mW/sq  cm  (640 
W/kg),  they  observed  a  further  increase  in  teratogenic  frequency,  accom¬ 
panied  by  an  increase  in  pupa  death  before  completion  of  development. 

The  authors  attributed  the  apparent  "power  window"  at  34  mW/sq  cm  (80 
W/kg)  to  an  antagonism  between  nonthernial  teratogenic  effects  and 
protective  effects  ascribable  to  the  rise  in  temperature. 

Pickard  and  Olsen  (1979)  used  Tenebrio  pupae  from  two  sources. 
"Colony-pupae"  were  those  derived  initially  as  larvae  from  one  supplier 
and  raised  on  Purina  dairy  meal;  "K-pupae"  were  purchased  as  larvae  in 
three  batches  from  another  supplier  and  raised  on  Kellogg's  Special  K. 
Groups  of  K-pupae  from  the  first  batch  and  colony-pjpae  were  sham- 
exposed  or  exposed  at  6  GHz  to:  a  standing-wave  electric  (E)  field  of  91 
V/m  (equivalent  free-space  power  density  of  2.2  mW/sq  cm)  for  2  hr,  with 
the  long  axes  of  the  pupae  parallel  to  the  E  vector;  a  standing-wave 
magnetic  (H)  field  of  1.53  A/m  (88.3  mW/sq  cm)  for  2  hr,  with  the  long 
axes  parallel  to  the  H  vector;  or  a  traveling-wave  electromagnetic  (far) 
field  of  11  mW/sq  cm  for  13  hr,  with  the  long  axes  either  parallel  to 
the  E  vector  or  to  the  direction  of  propagation.  The  standing-wave 
fields  were  produced  by  use  of  a  reflecting  plane  in  the  far  field  of  a 
horn,  and  the  pupae  were  placed  in  the  resulting  planes  of  maximum  E  and 
H;  absence  of  the  reflecting  plane  yielded  the  traveling-wave  field. 

The  corresponding  SARs  were  130,  54,  and  130  W/kg.  Pupae  were  also 
exposed  for  4  hr  to  traveling-wave  10-GHz  RFR  at  5  mW/sq  cm  (45  W/kg). 

The  differences  in  the  frequencies  of  abnormalities  between  the  groups 
exposed  to  the  E  field  and  the  corresponding  control  groups  of  pupae  of 
either  type  were  not  significant.  However,  the  proportion  of  nonnormal 
beetles  from  the  control  K-pupae  was  significantly  larger  than  from  the 
control  colony-pupae.  Moreover,  H-field  exposure  produced  significant 
effects  on  the  K-pupae  but  not  on  the  colony-pupae.  Repetition  of  the 
H-field  experiment  with  K-pupae  from  the  other  two  batches  yielded  RFR 
effects  that  ranged  from  "doubtfully  deleterious"  to  "significantly 
beneficial."  Ambiguous  results  were  also  obtained  from  exposures  for  13 
hr  to  the  6-GHz  traveling-wave  RFR  (130  W/kg)  and  for  4  hr  to  the  10-GHz 
RFR  at  5  mW/sq  cm  (45  W/kg).  These  variations  appear  to  have  been  due 
to  uncontrolled  differences  in  such  non-RFR  factors  as  the  source  of 


larvae,  pupae  maintenance  regimes  and  handling  protocols,  the  pupae 
containers  used  for  pupation,  and  ambient  temperature,  an  explanation 
that  could  account  for  the  variabilities  among  the  results  of  the  other 
investigators  cited. 

Pickard  and  Olsen  (1979)  nevertheless  concluded  that  their  results 
indicated  that  RFR  can  be  teratogenic  in  Tenebrio  but  left  unproved  the 
nonthermal  hypothesis  of  Carpenter  and  Livstone  (1971).  Specifically, 
Olsen  and  Hammer  (1982)  measured  spatial  distributions  of  absorbed  RFR 
in  pupae  by  thermographic  imaging  during  irradiation  to  1.3,  6,  and  10 
GHz  RFR;  they  found  large  local  variations  of  SAR,  which  would  not  be 
obtained  with  the  radiant  heating  used  by  Carpenter  and  Livstone. 

In  another  study,  Olsen  (1982)  exposed  groups  of  Tenebrio  pupae  to  a 
standing-wave,  6-GHz  field  in  an  anechoic  chamber  for  1.5,  3.0,  6.0,  12, 
or  24  hr  at  intensities  inversely  proportional  to  duration,  to  yield  a 
constant  total  dosage  of  1123  J/g  in  each  pupa.  Half  the  insects  were 
exposed  in  the  maximum-E-f ield  plane  with  their  long  axes  perpendicular 
to  the  E  vector  and  the  other  half  in  the  maximum-H-f ield  plane  with 
their  long  axes  parallel  to  the  H  vector.  With  these  orientations,  the 
SARs  were  both  208  W/kg  at  the  highest  intensity  used,  i.e.,  for  1 . 5-hr 
exposures.  The  exposures  were  done  without  or  with  use  of  a  ventilating 
fan.  With  the  fan  operating,  the  temperature  rise  in  the  chamber  was 
less  than  4.5  deg  C  as  contrasted  with  about  11  deg  C  with  the  fan  off. 
Control  experiments  consisted  of  sham-exposures  for  6,  12,  and  24  hr. 

The  results  of  the  control  experiments  showed  no  morphological 
defects,  in  sharp  contrast  to  the  relatively  large  incidence  of 
anomalies  in  control  pupae  observed  by  Liu  et  al.  (1975).  For  the  1.5- 
hr  exposures  at  208  W/kg  in  the  absence  of  chamber  ventilation,  Olsen 
(1982)  reported  that  11  of  12  pupae  exposed  in  each  plane  died  during 
pupation  and  that  the  twelfth  pupa  was  abnormal;  however,  there  were  no 
deaths  in  the  groups  exposed  for  3,  6,  12,  or  24  hr  at  successively 
halved  SARs  and  there  were  only  2  abnormal  pupae  in  total  (both  in  the 
group  exposed  in  the  E  plane  for  6  hr  at  52  W/kg).  Moreover,  in  the  120 
pupae  comprising  the  10  groups  exposed  with  the  fan  operating  (1  group 
in  each  plane  for  1.5  hr  at  208  W/kg,  3  hr  at  104  W/kg,  6  hr  at  52  W/kg, 
12  hr  at  26  W/kg,  and  24  hr  at  13  W/kg),  there  were  no  deaths  and  only  1 
anomaly  (in  the  group  exposed  for  24  hr  in  the  E-field  plane).  Olsen 
noted  the  absence  of  reciprocity  or  a  graded  response  in  his  results, 
and  suggested  the  existence  of  a  hyperthermia  threshold  of  about  40  deg 
C  for  deleterious  effects  on  Tenebrio  pupae. 

McRee  and  coworkers  have  carried  out  a  variety  of  studies  on  Japanese 

quail.  In  an  early  investigation,  McRee  et  al.  (1975)  exposed  4x5 

arrays  of  Japanese-quall  eggs  to  far-field  2.45-GHz  CW  RFR,  with  the 
long  axes  of  the  eggs  parallel  to  the  E  vector  (vertical).  Five  arrays 
were  exposed  for  4  hr,  one  each  at  the  end  of  the  first  five  successive 

days  of  incubation.  A  sixth  array  was  exposed  for  4  hr  at  the  end  of 

all  five  incubation  days.  The  ambient  temperature  and  relative  humidity 
were  24  deg  C  and  40X.  The  power  density  was  30  mW/sq  cm,  selected  to 
yield  egg  temperatures  (at  this  ambient  temperature)  of  about  37  deg  C, 


the  incubator  temperature. 

Egg  temperatures  at  the  surfaces  facing  the  source,  measured  by 
infrared  microscopy  during  exposure  of  a  test  array,  ranged  over  the 
array  from  30.6  to  34.7  deg  C.  Thermistor  measurements  of  internal 
temperature  yielded  values  at  the  centers  of  the  eggs  about  2  deg  C 
hotter  than  at  the  surfaces.  Thus,  center  temperatures  ranged  from 
about  33  to  37  deg  C,  with  a  spatial  average  of  about  35  deg  C.  From 
cooling  curves  taken  on  cessation  of  exposure,  the  SAR  corresponding  to 
35  deg  C  was  found  to  be  14  W/kg .  Control  arrays  were  sham-exposed  at 
an  ambient  temperature  of  35  deg  C  and  40Z  relative  humidity.  Before 
treatment  and  afterward  for  the  remainder  of  the  incubation  period  (16- 
17  days),  the  eggs  were  incubated  at  37  deg  C  and  60Z  relative  humidity. 
Two  days  after  the  onset  of  hatching,  the  quail  were  weighed,  eutha¬ 
nized,  and  examined  for  gross  deformities.  Blood  samples  were  taken  and 
assayed  for  hematocrit,  hemoglobin  level,  red-blood-cell  (RBC)  count, 
white-blood-cell  (WBC)  count,  and  differential  WBC  percentages,  and  the 
mean  of  each  endpoint  was  plotted  (with  error  bars)  vs  day  of  treatment. 

By  paired  t-test,  the  differences  between  RFR-exposed  arrays  and  their 
corresponding  sham-exposed  arrays  were  nonsignificant  (p>0.05)  in  hatch 
results,  which  included  average  body  weights,  numbers  and  percentages  of 
eggs  hatched,  and  numbers  and  percentages  of  hatched  and  unhatched  live 
and  dead  birds.  In  addition,  no  deformities  were  found  in  the  hatched 
quail.  By  paired  t-test  of  all  arrays,  there  were  also  no  significant 
differences  in  any  of  the  blood  parameters  assayed.  By  Mann-Whitney  U- 
test,  however,  some  differences  in  blood  parameters  were  significant 
(p<0.05),  notably  an  11Z  decrease  in  hemoglobin  for  RFR-exposure  on  day 
2,  but  there  was  no  consistent  pattern  to  the  differences.  The  authors 
ascribed  such  differences  in  part  to  blood  values  that  change  more 
rapidly  during  the  first  day  after  hatching  than  subsequently. 

In  a  subsequent  study,  Hamrick  and  McRee  (1975)  similarly  exposed 
eight  4x5  arrays  of  quail  eggs  to  2.45-GHz  RFR  (30  mW/sq  cm,  14  W/kg) 
and  sham-exposed  eight  arrays,  but  for  24  instead  of  4  hr,  at  the  start 
of  day  2  of  incubation.  RFR-  and  sham-exposed  eggs  were  not  turned 
during  the  24-hr  treatment  period.  The  quail  were  kept  for  24  to  36  hr 
after  hatching.  The  birds  were  then  weighed,  examined  for  gross  defor¬ 
mities,  and  euthanized.  After  the  quail  were  euthanized,  they  were 
examined  externally  and  internally  for  abnormalities;  blood  assays  were 
performed;  and  the  heart,  liver,  gizzard,  adrenals,  and  pancreas  of  each 
bird  were  weighed.  The  results  for  the  RFR-exposed  arrays  were  pooled, 
as  were  those  for  the  sham  arrays,  and  the  differences  were  analyzed 
with  the  two-sided  Mann-Whitney  U-test.  The  differences  between  the  RFR 
and  sham  groups  were  all  nonsignificant  (p>0.1)  except  for  hemoglobin, 
which  was  about  4X  lower  for  the  RFR  group  than  the  sham  group  at  the 
p-0.06  level. 

In  another  similar  study,  McRee  and  Hamrick  (1977)  exposed  three  6x5 
arrays  of  Japanese-quail  eggs  to  2.45-GHz  CW  RFR  at  5  mW/sq  cm  (4  W/kg) 
daily  for  24  hr/day  during  the  first  12  days  of  development.  In  this 
study,  the  eggs  were  turned  90  deg  automatically  every  2  hr  during 
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exposure  to  avoid  sticking  of  embryos  to  their  shells.  On  completion  of 
exposure,  the  eggs  were  incubated  normally  for  the  remaining  5  days. 

One  of  the  arrays  was  exposed  to  the  RFR  with  the  chamber  at  37  deg  C 
(the  optimum  incubation  temperature).  The  temperatures  of  the  eggs 
stabilized  at  between  39.5  and  40  deg  C,  so  the  corresponding  control 
array  was  sham-exposed  in  a  chamber  held  at  40  deg  C,  the  highest  egg 
temperature  attained  during  RFR-exposure .  At  the  end  of  the  incubation 
period,  only  two  of  the  RFR-exposed  eggs  and  none  of  the  control  eggs 
hatched,  and  22  of  the  RFR-exposed  and  only  one  of  the  control  embryos 
had  developed  past  the  eleventh  day,  results  clearly  ascribable  to 
hyperthermia . 

The  other  two  6x5  arrays  were  exposed  to  RFR  at  an  ambient  temperature 
of  35.5  deg  C,  which  resulted  in  egg  temperatures  ranging  from  37.5  to 
38.0  deg  C.  Therefore,  the  sham-exposures  were  done  at  38.0  deg  C. 
Fifty-two  of  the  RFR-exposed  eggs  hatched  vs  35  of  the  control  eggs,  a 
result  ascribed  to  the  lower  temperatures  (less  than  38.0  deg  C)  reached 
by  some  of  the  RFR-exposed  eggs.  No  gross  deformities  were  found  in  the 
quail  when  they  were  euthanized  and  examined  24-36  hr  after  hatching. 

By  the  Mann-Vhitney  U-test,  there  were  no  significant  differences  in 
total  body  weight  or  the  weights  of  the  heart,  liver,  gizzard,  adrenals, 
and  pancreas  between  RFR-  and  sham-exposed  groups.  The  hematological 
assays  showed  4X  higher  hemoglobin  (p<0.034)  and  3 IX  lower  monocyte 
counts  (p<0 . 004)  in  the  RFR-exposed  birds,  but  the  differences  in  the 
other  blood  parameters  were  not  significant.  The  variations  in  temper¬ 
ature  from  egg  to  egg  in  the  RFR-exposed  arrays  were  as  much  as  0.5  deg 
C,  rendering  it  difficult  to  associate  these  positive  findings  with  the 
RFR  per  se. 

In  yet  another  study,  Hamrick  et  al.  (1977)  similarly  exposed  groups 
of  eggs  and  reared  the  birds  for  5  weeks  after  hatching.  No  significant 
differences  in  mortality  or  mean  body  weights  at  4  and  5  weeks  were 
found  between  RFR  and  sham  groups.  The  immunological  findings  of  this 
study  are  discussed  in  Section  3.5.2. 

Two  subsequent  studies  (Galvin  et  al.,  1980a;  Hamrick  and  McRee,  1980) 
were  directed  toward  ascertaining  whether  exposure  of  Japanese-quail 
eggs  to  2.45-GHz  pulsed  or  CW  RFR  would  affect  the  development  or  beat 
rate  of  the  embryonic  heart.  The  results  of  those  cardiovascular 
studies  are  discussed  in  Section  3.6.3. 

Fisher  et  al.  (1979)  studied  the  development  of  chicken  embryos  in 
eggs  exposed  to  2.45-GHz  CW  RFR  24  hr/day  for  either  4  or  5  days.  The 
eggs  were  exposed  within  an  incubator  in  6x6  arrays  at  power  densities 
that  ranged  over  the  array  from  1.4  to  6.2  roW/sq  cm,  with  a  mean  of  3.46 
mW/sq  cm  (SARs  not  determined).  The  long  axes  of  the  eggs  were  in  a 
plane  parallel  to  the  propagation  and  electric  vectors  and  were  tilted 
30  deg  relative  to  the  electric  vector.  All  axes  were  shifted  to  the 
symmetric  30-deg  orientation  every  24  hr.  The  optimal  incubation 
temperature  for  chicken  embryos  is  about  38  deg  C,  so  lower  incubator 
temperatures,  ranging  from  32  to  36  deg  C  over  the  egg  sites,  were  used 


to  compensate  for  the  additional  heat  from  RFR  absorption.  However,  the 
incubator  temperature  at  each  site  was  constant.  Embryo  temperatures 
were  measured  for  6  sample  eggs  of  a  6x6  array  with  a  thermocouple 
inserted  through  an  opening  in  each  shell.  The  results,  together  with 
the  spatial  temperature  variations  among  the  36  egg  sites  within  the 
incubator,  were  used  to  estimate  the  temperatures  of. the  other  30 
embryos.  Sham-exposed  arrays  served  as  controls.  After  completion  of 
exposure,  the  embryos  were  excised,  the  extraembryonic  membranes  were 
removed,  the  wet  masses  were  measured,  and  each  embryo  was  photographed. 

The  stage  of  development  of  the  eggs  RFR-exposed  for  4  days  at  an 
embryo  temperature  of  32  deg  C  was  significantly  later  (smaller  cranial 
lengths  and  wet  masses)  than  for  the  sham-exposed  controls.  The  con¬ 
verse  was  true  at  36  deg  C,  with  crossover  (no  difference)  at  embryo 
temperatures  of  about  34  deg  C.  Similar  results,  but  with  larger  dif¬ 
ferences,  were  obtained  for  the  eggs  exposed  for  5  days.  The  authors 
also  stated  that  the  frequency  of  premature  deaths  and  of  sterility  did 
not  differ  significantly  among  groups. 

These  results  are  difficult  to  analyze  because  the  authors  did  not 
include  the  temperature  measurements  of  the  6  sample  embryos,  the 
locations  of  those  eggs  in  the  array,  and  the  calculated  temperatures  of 
the  other  embryos.  For  the  range  of  power  densities  in  the  array,  it 
seems  likely  that  the  distribution  of  embryo  temperatures  over  an  RFR- 
exposed  array  should  be  significantly  different  from  the  distribution 
for  a  sham-exposed  array.  Moreover,  the  findings  are  open  to  question 
because  the  nonuniform  SAR  distributions  within  the  RFR-exposed  eggs 
undoubtedly  yielded  internal  temperature  gradients  that  were  much  larger 
(Clarke  and  Justesen,  1983)  than  those  within  the  sham-exposed  eggs. 

Hall  et  al.  (1983)  sham-exposed  and  exposed  suspensions  of  turkey 
sperm  maintained  at  either  25  or  40.5  deg  C  to  2.45-GHz  CW  RFR  for  30 
min  at  an  SAR  of  10  or  50  W/kg  in  a  waveguide  system  (Galvin  et  al., 
1981b).  The  pH  of  each  sperm  suspension  (an  indicator  of  metabolic 
activity  of  the  suspended  cells)  was  measured  before  and  after  treat¬ 
ment.  Within  2  hr  after  treatment,  suspensions  each  containing  200 
million  sperm  were  used  to  perform  single  artificial  inseminations  of  6 
groups  of  16  virgin  turkey  hens  in  a  2x3  design  for  25  and  40.5  deg  C, 
and  sham,  10-W/kg,  and  50-W/kg  exposure.  Starting  on  the  day  after  the 
inseminations,  eggs  were  collected  daily  and  incubated.  On  days  28  and 
29  of  incubation,  the  numbers  and  weights  of  the  hatched  birds  were 
recorded.  The  remaining  eggs  were  broken  open  and  classified  as  fertile 
or  infertile.  Embryonic  deaths  were  classified  as  early  (days  1-5), 
middle  (days  6-23),  or  late  (days  24-28). 

Post-treatment  mean  pH  values  were  significantly  lower  (p-0.015)  than 
pretreatment  values  for  all  6  treatments,  but  RFR-related  differences 
among  the  treatments  were  nonsignificant  (p>0.05).  The  differences 
among  groups  in  mean  total  number  of  eggs  laid  by  each  hen  and  mean 
number  of  eggs  laid  per  week  were  nonsignificant  (analysis  of  variance 
with  week  as  the  repeat  measure).  The  percentage  of  fertile  eggs,  in 
terms  of  a  moving  7-day  time  average,  diminished  with  time  for  all 


groups,  but  the  differences  among  groups  in  mean  number  of  fertile  eggs 
per  group,  total  and  per  week,  were  also  nonsignificant,  as  were  the 
differences  in  percentage  hatchability  similarly  expressed. 

The  authors,  noting  that  there  were  few  middle  deaths,  presented  data 
on  early  and  late  deaths  only,  each  class  tabulated  in  terms  of  numbers 
and  percentages  of  deaths  by  week  and  treatment.  They  stated:  "There 
were  approximately  15X  early  and  late  deaths  over  the  10-week  experi¬ 
mental  period,  and  there  was  no  difference  among  the  groups  for  any 
treatment  or  temperature."  However,  they  provided  no  statistical 
analyses  of  these  data.  Cursory  examination  of  the  data  showed  no 
consistent  RFR-related  pattern. 
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3.3.2  EFFECTS  ON  MAMMALS 


3 . 3 . 2 . 1  RODENTS 

Teratogenic  effects  of  RFR  in  rodents  have  been  reported  in  some 
studies,  and  negative  findings  in  others.  Among  early  studies  of  mice 
was  that  of  Bollinger  et  al.  (1974),  who  investigated  the  effects  of 
exposure  to  RFR  on  growth  and  reproduction,  in  an  experimental  design 
involving  C3H/He  dams  and  successive  generations  thereof.  The  exposures 
were  to  25-kHz  synchronous,  orthogonal  electric  and  magnetic  fields  (the 
equivalent  of  plane  CW  RFR)  in  a  combined  capacitor  and  Helmholz-coil 
system.  Some  groups  were  exposed  at  15  kV/m  and  7.5  A/m,  equivalent 
respectively  to  59.5  and  2.12  W/sq  cm  ("full-power").  This  level  was 
selected  to  yield  a  3-deg-C  rectal-temperature  rise  in  mouse  carcasses 
in  1  hr.  Other  groups  were  exposed  at  10.6  kV/ra  and  5.3  A/m,  equivalent 
respectively  to  29.8  and  1.06  W/sq  cm  ("half-power").  Durations  of 
exposure  at  either  level  were  1  hr/day,  5  days/week,  for  a  total  of  50 
hr.  Control  mice  were  sham-exposed.  The  results  indicated  that  there 
were  no  statistically  detectable  effects  of  the  RFR  at  either  level  on 
the  growth,  reproductive  ability,  and  metabolism  of  neonates  or  on  the 
growth  of  their  subsequent  offspring. 

Bollinger  et  al.  (1974)  also  sham-exposed  and  exposed  groups  of  4-day- 
old  mice  for  10,  20,  40,  70,  or  100  hr  at  half-power  or  full-power, 
sacrificed  them  postexposure,  and  found  no  significant  differences 
between  RFR  and  sham  groups  in  hematologic  assays  or  major-organ 
weights,  and  no  pathological  changes  in  the  organs.  Also,  cytological 
analysis  revealed  no  obvious  effects  of  the  RFR  on  the  number  or  the 
architecture  of  bone-marrow  chromosomes.  However,  they  reported  that 
RFR  exposure  stimulated  the  uptake  of  tritiated  thymidine  in  lymphocyte 
cultures  and  that  the  presence  of  common  mouse  parasites  in  RFR-exposed 
and  control  groups  could  not  account  for  this  effect.  One  other  finding 
noted  by  the  authors  was  no  incidence  of  C3H/He-mouse  mammary-tumor 
development  up  to  98  days  of  age. 

Rugh  et  al.  (1974,  1975),  in  two  papers  containing  essentially  the 
same  information,  reported  first  exposing  groups  of  CF-1  female  mice  to 
2.45-GHz  CW  RFR  at  138  raW/sq  cm  for  various  durations  in  a  waveguide 
system  under  controlled  conditions  of  temperature,  relative-humidity, 
and  air-flow  to  determine  the  mean  dose  per  unit  mass  (D/M)  for  lethal¬ 
ity.  The  result  was  about  11  cal/g  (10.65  for  mice  in  estrus  and  11.50 
for  mice  in  diestrus).  They  then  exposed  unrestrained  timed-mated  preg¬ 
nant  mice  on  gestation  day  8.5  (time  of  greatest  sensitivity  to  ionizing 
radiation)  to  the  RFR  at  123  mW/sq  cm  in  the  system  at  25.0  deg  C  and 
50X  relative  humidity  for  2  to  5  min,  corresponding  to  sublethal  values 
of  D/M  ranging  from  about  3  to  about  8  cal/g.  From  these  dose-rate 
data,  the  SAR  was  about  110  W/kg.  Most  pregnancies  were  terminated  on 
gestation  day  18  and  the  mice  were  examined  for  resorptions  and  for 
dead,  stunted,  and  malformed  fetuses,  all  classed  as  anomalies,  and  for 
apparently  normal  fetuses. 

In  a  plot  of  percentage  of  total  anomalies  of  all  types  per  litter  vs 
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D/M,  at  least  40  litters  (points  too  dense  to  count  exactly)  had  OX  (all 
normal  fetuses),  spanning  the  exposure  range  from  3.4  to  7.8  cal/g;  5 
litters  had  100X  (no  normal  fetuses),  within  the  range  from  5.8  to  7.7 
cal/g;  and  the  remaining  litters  (at  least  140)  had  various  intermediate 
percentages  of  anomalies,  spread  over  the  entire  dose  range.  A  plot  of 
only  the  resorption  percentages  vs  D/M  showed  at  least  40  litters  with 
0%,  from  3.3  to  7.7  cal/g;  3  with  100X  resorptions,  all  above  5.9  cal/g; 
and  the  remaining  litters  (about  130)  with  intermediate  percentages, 
spread  over  the  entire  dose  range. 

The  percentages  per  litter  of  fetuses  with  exencephaly  (brain  hernia, 
produced  consistently  in  CF-1  mice  by  ionizing  radiation)  vs  D/M  were 
plotted  also.  Exencephaly  was  absent  in  at  least  45  litters,  spanning 
the  total  dose  range;  2  litters  had  60X,  the  highest  incidence,  at  about 
7  cal/g;  and  the  remainder  (about  50  litters)  had  intermediate 
percentages,  in  the  range  4. 3-7. 8  cal/g. 

Apparently  no  control  mice  were  studied,  presumably  under  the  assump¬ 
tion  that  the  natural  incidence  of  exencephaly  is  relatively  rare.  How¬ 
ever,  Chernovetz  et  al.  (1975),  in  a  similar  study  (discussed  below) 
with  C3H/HeJ  rather  than  CF-1  mice,  reported  that  about  20X  of  the  fe¬ 
tuses  from  their  control  dams  were  abnormal.  Also,  despite  statements 
by  Rugh  et  al.  about  the  absence  of  a  teratogenesis  threshold,  our  re¬ 
analyses  of  their  data  indicated  thresholds  of  about  3.6  cal/g  for  oc¬ 
currence  of  exencephaly  and  about  3.5  cal/g  for  resorptions. 

Chernovetz  et  al.  (1975),  in  the  first  of  two  regimens,  exposed  4 
groups  of  5  pregnant  C3H/HeJ  mice  to  2.45-GHz  RFR  for  10  min,  1  group 
each  on  gestation  days  11,  12,  13,  and  14  (totaling  20  dams).  The  mice 
in  each  group  were  concurrently  exposed  in  a  multimode,  mode-stirred 
microwave  cavity  (at  22  deg  C  and  50X  relative  humidity)  with  the  mice 
free  to  move  about.  At  a  mean  SAR  of  38  W/kg  (estimated),  the  energy 
absorbed  was  22.8  J/g  or  5.44  cal/g.  The  authors  noted  that  in  a  pilot 
study,  10-min  exposures  at  40  W/kg  (24  J/g  or  5.7  cal/g)  were  fatal  to 
about  10Z  of  a  large  number  of  pregnant  mice,  so  38  W/kg  was  just  sub- 
lethal.  Four  other  groups  were  similarly  sham-exposed.  In  addition,  8 
other  groups  were  injected  with  cortisone  (a  teratogen);  4  of  these 
groups  were  exposed  to  the  RFR  and  the  other  4  were  sham-exposed. 

Colonic  temperatures  were  measured  before  and  after  RFR  exposure  for 
10  cort isone- inj ected  and  9  noninjected  dams.  The  mean  pre-  and  post¬ 
exposure  values  of  the  cort isone- inj ected  dams  were  34.59  and  39.93  deg 
C,  respectively;  the  values  for  the  noninjected  dams  were  38.58  and 
40.60  deg  C,  respectively. 

All  mice  were  euthanized  on  gestation  day  19,  at  which  time  the 
numbers  of  implantations  and  resorptions  were  counted  and  the  fetuses 
were  examined  for  structural  abnormalities.  For  the  noncortisone  RFR 
and  sham-exposed  groups,  there  were  no  statistically  significant  differ¬ 
ences  in  percentages  of  normal  fetuses  and  structural  abnormalities  and 
no  dependence  on  gestation  day  of  treatment.  However,  the  percentage  of 
normal  fetuses  was  61X  for  the  cort isone-with-sham-exposure  and  50X  for 


the  cortisone-with-RFR  groups.  The  difference  in  these  percentages  was 
nonsignificant  (p>0.1),  but  both  percentages  were  significantly  lower 
(p<0.1,  the  authors'  criterion)  than  for  the  noncortisone  RFR-exposed 
and  sham-exposed  groups  (both  812). 

In  the  second  regimen  used  by  Chernovetz  et  al.  (1975),  the  treatments 
were  similar,  but  the  exposures  were  done  only  on  gestation  day  14  and 
involved  a  total  of  60  dams,  15  in  each  of  the  four  treatment  groups 
(RFR,  sham-RFR,  cortisone-with-RFR,  cort isone-with-sham-RFR) .  All  dams 
were  allowed  to  carry  to  term,  and  the  numbers  of  pups  that  survived  to 
weaning  at  postpartum  age  21  days  were  noted.  (The  behavior  of  the 
surviving  pups  was  studied,  and  the  findings  thereof  are  discussed  in 
Sect  ion  3 . 7 . 1 . 1 .  ) 

For  the  noncortisone  groups,  81  pups  from  the  sham-exposed  dams  and  93 
pups  from  the  RFR-exposed  dams  survived  to  weaning,  a  nonsignificant 
difference.  For  the  cortisone  groups,  however,  the  results  were  25  pups 
from  the  RFR-exposed  dams  and  only  2  from  those  sham-exposed.  These 
values  were  significantly  lower  than  for  the  noncortisone  groups  and  the 
difference  between  them  was  also  significant. 

These  results  of  Chernovetz  et  al.  (1975)  indicated  that  absorption  of 
about  5  cal/g  of  2.45-GHz  RFR  is  not  teratogenic  to  mice,  a  finding  that 
is  at  variance  with  those  of  Rugh  et  al .  (1974,  1975).  It  is  also  note¬ 
worthy  that  dosage  for  lethality  found  by  Chernovetz  et  al.  (1975)  was 
about  5.7  cal/g  or  about  half  the  mean  value  found  by  Rugh  et  al .  (1974, 
1975),  hence  their  conflicting  characterizations  of  doses  with  respect 
to  lethality.  Possible  reasons  for  these  contradictory  findings  include 
the  respective  differences  in  exposure  systems  (cavity  vs  waveguide), 
use  of  multiple-  vs  individual  animal  exposures,  gross  uncertainties  in 
actual  doses,  the  mouse-strain  difference  (C3H/HeJ  vs  CF-1),  variations 
in  dam  handling,  and  the  differences  in  gestation  day  of  treatment  (day 
11  through  14  vs  day  8).  As  noted  previously,  Chernovetz  et  al.  (1975) 
found  fetal  anomalies  in  about  202  of  their  control  mice,  whereas  Rugh 
et  al .  (1974,  1975)  apparently  used  no  controls.  Both  groups  of  inves¬ 
tigators  indicated  that  extrapolation  of  their  findings  to  higher  mam¬ 
malian  species  is  an  open  question  subject  to  experimental  validation. 

Berman  et  al.  (1978)  exposed  pregnant  CD-I  mice  in  5x5,  7x4,  or  3x5 
arrays  to  far-field  2.45-GHz  CW  RFR  at  20.2  deg  C  ambient  temperature 
and  502  relative  humidity  for  100  min  daily  on  gestation  days  1  through 
17  at  3.4,  13.6,  or  14.0  mW/sq  cm  or  gestation  days  6  through  15  at  28 
mW/sq  cm.  The  SARs  were  determined  by  twin-well  calorimetry.  For  5x5 
arrays  exposed  at  10  mW/sq  cm,  the  SAR  varied  with  location  from  4.05  to 
7.37  W/kg,  with  an  array  mean  of  about  5.9  W/kg,  yielding  2.0,  8.1,  and 
8.3  W/kg  for  3.4,  13.6,  and  14.0  mW/sq  cm,  respectively.  No  data  were 
given  on  spatial  variations  of  SAR  for  the  7x4  or  3x5  arrays,  but  the 
mean  SAR  at  28  mW/sq  cm  was  22.2  W/kg  (a  value  not  twice  the  spatial 
mean  for  14  mW/sq  cm).  Control  mice  were  sham-exposed  similarly.  All 
mice  were  euthanized  on  day  18  and  their  uteri  were  examined  for  the 
number  of  resorbed  and  dead  conceptuses  and  live  fetuses.  The  live 
fetuses  were  examined  for  gross  morphological  alterations  and  weighed. 


Ten  types  of  anomalies  were  tabulated  by  numbers  of  litters  affected. 
(The  numbers  of  fetuses  affected  in  each  litter  were  not  presented.) 

The  investigators  indicated  that  the  number  of  litters  with  anomalies  at 
each  power  density  was  not  significantly  different  from  zero,  but  that 
their  sura  over  all  power  densities  (7  of  318  RFR-exposed  litters  vs  none 
of  336  sham-exposed  litters)  was  significant. 

A  total  of  27  of  the  318  RFR-exposed  litters,  irrespective  of  power 
density,  had  1  or  more  live  abnormal  fetuses,  vs  12  of  the  336  sham- 
exposed  litters.  For  most  of  the  individual  anomalies,  the  numbers  of 
litters  affected  were  either  too  small  for  statistical  treatment  or  no 
RFR-related  pattern  was  apparent.  To  exemplify  the  latter,  4  litters 
exposed  at  3.4  mW/sq  cm  (2.0  W/kg)  exhibited  hematoma,  with  none  in  the 
corresponding  sham-exposed  group;  however,  2  litters  exposed  at  13.6 
mW/sq  cm  (8.1  W/kg)  and  3  sham-exposed  litters  were  affected,  and  no 
litters  were  affected  at  14.0  (8.3  W/kg)  or  28.0  mW/sq  cm  (22.2  W/kg), 
compared  with  1  litter  in  each  of  their  corresponding  controls.  By 
contrast,  cranioschis is  (akin  to  exencephaly  or  brain  hernia)  was 
exhibited  by  7  litters  exposed  to  RFR,  i.e.,  1  litter  each  at  3.4  and 
13.6  mW/sq  cm  (2.0  and  8.1  W/kg),  3  at  14.0  mW/sq  cm  (8.3  W/kg),  and  2 
at  28.0  mW/sq  cm  (22.2  W/kg),  but  by  none  of  the  control  groups.  In  the 
latter  case,  though  positive  responses  were  obtained  in  the  RFR  groups, 
there  was  no  discernible  dose-dependence. 

The  mean  live  fetal  weights  of  the  litters  exposed  at  3.4,  13.6,  or 
14.0  mW/sq  cm  (2.0,  8.1,  or  8.3  W/kg)  were  not  significantly  different 
from  those  of  the  corresponding  sham-exposed  litters;  however,  the  mean 
weight  of  the  litters  treated  at  28.0  mW/sq  cm  (22.2  W/kg)  was  signifi¬ 
cantly  lower  than  that  of  the  sham-exposed  litters,  possibly  indicating 
the  existence  of  a  threshold  for  this  effect. 

Regarding  abnormal  fetuses,  statistical  treatment  of  the  number  of 
litters  rather  than  the  numbers  of  fetuses  affected  is  of  questionable 
validity.  Also  questionable  is  the  summation  of  all  litters  exhibiting 
cranioschisis  (irrespective  of  power  density)  to  obtain  statistical 
significance  and  ascribing  such  significance  to  RFR  exposure. 

In  a  similar  investigation  done  subsequently,  Berman  et  al.  (1982a) 
exposed  2  5x5  arrays  of  time-bred  CD-I  mice  in  individual  vented  plastic 
cages  to  2.45-GHz  CW  RFR  at  28  mW/sq  cm  (16.5-W/kg  array  mean,  4.5-W/kg 
standard  deviation)  at  20.2  deg  C  ambient  temperature  and  SOX  relative 
humidity  for  100  min  daily  on  gestation  days  6  through  17.  Two  other 
arrays  were  similarly  sham-exposed. 

The  mice  in  half  of  each  group  were  examined  on  day  18.  The  incidence 
of  pregnancy;  the  number  of  live,  dead,  and  resorbed  fetuses;  and  the 
total  number  of  fetuses  were  found  to  be  similar  for  the  RFR-exposed  and 
sham-exposed  mice,  findings  at  variance  with  those  of  their  previous 
study  (Berman  et  al . ,  1978).  However,  the  mean  body  weight  of  the  live 
fetuses  in  the  RFR  group  was  significantly  smaller  (by  10X)  than  those 
in  the  sham  group,  a  finding  consonant  with  their  previous  results 
(Berman  et  al.,  1978).  In  addition,  ossification  of  sternal  centers  was 


significantly  delayed  in  the  RFR-exposed  fetuses. 

The  mice  in  the  other  half  of  each  group  were  permitted  to  come  to 
term.  At  7  days  of  age,  the  mean  body  weight  of  the  suckling  mice  of 
the  RFR-exposed  group  was  also  significantly  smaller  (by  10X)  than  for 
the  sham-exposed  group.  The  survival  rates  for  the  RFR  and  sham  groups 
were  comparable,  but  the  investigators  indicated  that  the  growth 
retardation  was  permanent. 

Berman  et  al .  (1982b)  exposed  8  Syrian  hamsters  dorsally  in  individual 
acrylic  containers  in  a  3x3  array  (with  center  position  not  used)  to 
2.45-GHz  CW  RFR  at  20  mW/sq  cm  (6  W/kg)  in  an  anechoic  chamber  at  22.2 
deg  C  and  50X  relative  humidity  for  100  min  daily  on  gestation  days  6- 
14.  An  array  of  8  hamsters  was  similarly  sham-exposed.  RFR-exposure  at 
this  level,  for  which  rectal  temperatures  were  about  0.4  deg  C  higher 
than  for  sham-exposed  hamsters,  caused  no  significant  change  in  fetal 
survival,  body  weight,  skeletal  maturity,  or  incidence  of  terata.  By 
contrast,  however,  exposure  at  30  mU/sq  cm  (9  U/kg),  which  elevated 
rectal  temperatures  about  1.6  deg  C  caused  significantly  higher  fetal 
resorptions,  lower  fetal  body  weights,  and  delayed  skeletal  maturity. 

The  authors,  referring  to  Berman  et  al .  (1978,  1982a),  stated:  "It 
appears  that  the  hamster  fetus  may  be  more  susceptible  to  microwave 
radiation  than  the  mouse." 

Nawrot  et  al.  (1981)  exposed  groups  of  12  CD-I  mice  to  far-field  2.45- 
GHz  CW  RFR  in  circular  arrays  in  an  anechoic  chamber  daily  for  8  hr/day 
at  5  mW/sq  cm  (6.7  W/kg)  during  gestation  days  1-15  or  at  21  or  30  mW/sq 
cm  (28.1  or  40.2  W/kg)  during  gestation  days  1-6  or  6-15,  all  at  an 
ambient  temperature  of  22  deg  C  and  55X  relative  humidity.  Spatial 
variations  of  power  density  over  the  circular  array  were  about  10X. 

Other  groups  were  sham-exposed  under  the  same  conditions.  Colonic- 
temperature  increases  for  the  latter  two  RFR  levels  were  respectively  1 
and  2.3  deg  C.  The  same  colonic-temperature  increases  were  obtained  in 
other  groups  sham-exposed  in  ambient  temperatures  of  30  and  31  deg  C. 

Two  groups  were  used  for  each  treatment,  one  group  characterized  as 
"handled"  and  the  other  as  "nonhandled . "  The  handled  mice  were  trans¬ 
ferred  to  Styrofoam  cages  (one  per  cage)  for  RFR-,  sham-,  or  heat-expo- 
sure  with  no  food  or  water  available  for  the  4-hr  periods  0800-1200  and 
1300-1700,  and  were  housed  in  polycarbonate  shoe-box-type  cages  with 
food  and  water  available  during  1200-1300  and  during  1700-0800.  Non¬ 
handled  groups  were  housed  in  shoe-box-type  cages  with  food  and  water 
available  for  the  entire  24-hr  period  and  were  sham-exposed  or  heated 
concurrently  with  the  handled  groups.  Dam  body  weights  were  recorded  on 
gestation  days  1,  6,  15,  and  18.  On  day  18,  the  dams  were  killed,  and 
implantation  sites,  resorptions,  dead  fetuses,  and  live  fetuses  were 
counted.  Fetuses  were  sexed,  weighed,  and  examined  for  malformations. 

In  the  first  of  three  experiments,  1  handled  group  was  exposed  at  5 
mW/sq  cm  (6.7  W/kg)  and  2  groups  were  sham-exposed  (1  handled  and  1 
nonhandled).  The  pregnancy  rates,  maternal  weight  gains,  and  average 
fetal  weights  for  both  handled  groups  (RFR-  and  sham-exposed)  were  lower 


than  for  the  nonhandled-shara-exposed  group,  indicating  that  handling  was 
the  primary  factor  involved  in  the  differences.  The  differences  among 
the  three  groups  for  the  other  endpoints  were  nonsignificant. 

In  the  second  experiment,  1  handled  group  was  exposed  at  21  raW/sq  cm 
(28.1  W/kg)  and  22  deg  C  ambient  temperature,  another  handled  group  was 
heated  (without  RFR)  in  ambient  temperature  30  deg  C  (both  yielding  a 
rectal-temperature  rise  of  about  1  deg  C),  and  1  handled  group  was  sham- 
exposed  at  22  deg  C,  all  three  groups  during  gestation  days  1-6.  One  of 
2  nonhandled  groups  was  sham-exposed  at  22  deg  C  and  the  other  was 
heated  at  30  deg  C.  The  same  procedure  was  used  for  other  handled  and 
nonhandled  groups,  but  during  gestation  days  6-15.  For  the  mice  treated 
on  days  1-6,  significantly  smaller  maternal  weight  gains  were  obtained 
in  the  3  handled  groups  (RFR-exposed ,  sham-exposed,  heated)  than  in  the 
2  nonhandled  groups  (sham-exposed,  heated).  For  those  exposed  on  days 
6-15,  the  maternal  weight  gain  was  smaller  for  the  nonhandled-heated 
group  as  well,  and  the  greatest  decrease  was  for  the  handled-heated 
group.  Thus,  handling  was  again  an  important  factor,  but  heating  was  as 
well.  The  other  endpoints  were  not  affected  significantly. 

The  third  experiment  was  similar  to  the  second,  but  with  treatment  at 
30  mW/sq  cm  (40.2  W/kg)  or  31  deg  C  (both  yielding  mean  rectal-tempera¬ 
ture  increases  of  2.3  deg  C).  For  the  mice  treated  on  days  1-6,  the 
sham-exposed  and  heated  groups  of  handled  dams  gained  significantly  less 
weight  than  the  2  nonhandled  groups  and  the  RFR-exposed  group  of  dams 
lost  weight,  but  the  nonhandled  heat  group  gained  more  weight  than  the 
nonhandled  sham-exposed  group.  Also,  the  RFR-exposed  group  had  signifi¬ 
cantly  fewer  implantation  sites  per  litter  than  any  of  the  other  groups; 

he  decreases  in  fetal  weight  for  the  RFR-exposed  arJ  handled-heated 
groups  were  comparable  but  were  lower  than  for  the  r  mhandled  and 
handled  sham-exposed  groups  and  the  nonhandled  heat  group.  No  increases 
in  external,  visceral,  or  skeletal  malformations  were  seen  in  any  group. 
The  results  for  the  mice  treated  on  days  6-15  were  similar  except  that 
the  mean  percentage  of  malformed  fetuses  for  the  RFR-exposed  group  was 
significantly  larger  than  for  any  other  group,  with  cleft  palate  the 
predominant  malformation. 

Based  on  the  foregoing  results,  the  authors  concluded  that  the 
threshold  for  teratogenic  effects  in  CD-I  mice  is  about  30  mW/sq  cm 
(whole-body  SAR  of  40.2  W/kg). 

Inouye  et  al.  (1982)  induced  female  CD-I  mice  to  superovulate  and 
mated  them.  Groups  were  then  sham-exposed  or  exposed  for  3  hr  on  either 
gestation  day  2  (during  the  2-cell  stage)  or  3  (during  the  4-  to  8-cell 
stages)  to  far-field  2.45-GHz  CW  RFR  at  9  or  19  mW/sq  cm  (11.7  or  24.7 
W/kg)  in  circular  arrays  in  an  anechoic  chamber  at  22  deg  C  ambient  tem¬ 
perature  and  60%  relative  humidity.  One  group  was  exposed  to  38  deg  C 
ambient  temperature  and  60%  relative  humidity  without  RFR.  No  increase 
in  colonic  temperature  was  obtained  at  9  mW/sq  cm,  1  deg  C  increase  oc¬ 
curred  at  19  mW/sq  cm,  and  at  least  2.2  deg  C  occurred  for  the  38-deg-C 
heat  treatment.  On  day  4,  all  mice  were  euthanized.  The  embryos  were 
counted,  examined  for  abnormalities,  and  classified  by  developmental 


stage  as:  morula  (9  or  more  blastomeres  but  no  blastocoelic  cavity), 
early  blastocyst  (small  blastocoelic  cavity),  or  blastocyst  (large 
blastocoelic  cavity).  Abnormal  embryos  were  defined  as  underdeveloped 
(less  than  9  blastomeres)  and  as  fragmented  and/or  collapsed  embryos. 

There  were  no  statistically  significant  differences  in  the  number  of 
fertilized  mice,  the  number  of  embryos  per  mouse,  or  the  percentage  of 
abnormal  embryos  (total  and  per  dam)  among  all  the  groups.  In  addition, 
there  were  no  significant  differences  in  embryonic  development  or  in  ab¬ 
normal  embryos  between  RFR-exposed  groups  (at  either  power  density)  and 
sham-exposed  groups  for  either  treatment  day.  However,  the  heat  treat¬ 
ment  caused  stunted  embryonic  development,  i.e.,  significant  increases 
in  number  of  morulae  and  decreases  in  numbers  of  blastocysts  compared 
with  the  numbers  for  sham-exposed  mice  on  corresponding  treatment  days. 

Direct  comparisons  of  the  results  of  this  study  with  those  of  Nawrot 
et  al.  (1981),  performed  in  the  same  laboratory  with  the  same  mouse 
strain  (CD-I),  are  difficult  because  in  the  latter  investigation,  the 
dams  were  exposed  for  8  hr/day  over  gestation  days  1-6  or  6-15  (in 
contrast  with  a  single  3-hr  exposure  on  day  2  or  3),  and  the  fetuses 
were  examined  at  a  much  later  stage  of  gestation  (day  18  versus  day  4). 
Moreover,  the  frequent  handling  of  the  dams  was  a  significant  factor  in 
the  earlier  investigation.  Nevertheless,  the  negative  results  for  RFR 
exposure  at  9  and  19  mW/sq  cm  (11.7  or  24.7  W/kg)  obtained  by  Inouye  et 
al.  (1982)  are  consonant  with  the  approximately  30  mW/sq  cm  threshold 
found  by  Nawrot  et  al.  (1981).  Also,  fetal  stunting  occurred  in  both 
studies  from  exposure  of  the  dams  to  elevated  ambient  temperatures 
without  RFR. 

Nawrot  et  al .  (1985)  performed  experiments  similar  to  the  last  one  of 
Nawrot  et  al .  (1981),  i.e.,  exposures  of  groups  of  handled  CD-I  mice  to 
2.45-GHz  CW  RFR  at  30  mW/sq  cm  (40.2  W/kg)  or  to  an  ambient  temperature 
of  31  deg  C  for  8  hr  daily  on  gestation  days  1-6  or  6-15,  with  groups  of 
handled  and  nonhandled  sham-exposed  mice,  a  nonhandled  heated  group,  and 
a  cage-control  group  (maintained  in  animal  quarters  during  pregnancy) 
for  comparisons.  As  before,  all  dams  were  euthanized  on  day  18;  the 
implantation  sites  were  counted;  the  conceptus  at  each  site  was  classed 
as  resorbed,  dead,  or  alive;  and  the  live  and  dead  fetuses  were  sexed, 
weighed,  and  examined  for  external  anomalies.  All  live  and  dead  fetuses 
were  examined  for  skeletal  alterations.  Fetuses  with  external  anomalies 
and  stunted  fetuses  (weighing  less  than  0.5  g  or  less  than  two-thirds  of 
their  mean  litter  weight)  were  examined  for  visceral  abnormalities.  For 
the  handled  dams  treated  during  gestation  days  6-15,  during  which  most 
prenatal  brain  development  occurs,  fetal  brains  were  examined  for 
histopathology  and  assayed  for  cholinesterase  activity. 


The  mean  pregnancy  rate  (determined  on  day  18)  of  the  dams  exposed  to 
the  RFR  on  days  1-6  was  significantly  lower  than  for  the  other  groups 
treated  on  days  1-6.  The  mean  maternal  weight  gains  for  the  handled 
groups  treated  during  this  period  (RFR-exposed,  sham-exposed,  heated) 
were  significantly  lower  than  for  the  corresponding  nonhandled  groups 
(sham-exposed,  heated,  cage-control).  The  mean  fetal  weights  were  lower 
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for  all  three  handled  groups  than  for  the  nonhandled  groups,  but  the 
differences  were  significant  only  for  the  sham-exposed  and  heated 
groups.  The  highest  incidence  of  external  malformations  (cleft  palate, 
open  eyes)  occurred  for  the  handled-sham-exposed  group,  but  none  of  the 
differences  was  significant. 

For  the  groups  treated  on  days  6-15,  the  mean  maternal  weight  gains 
were  also  smaller  in  the  handled  than  the  nonhandled  groups.  The  mean 
fetal  weights  were  smaller  for  the  handled-RFR-exposed  and  handled- 
heated  groups  than  for  the  other  groups,  but  the  difference  was  larger 
for  the  handled-heated  group.  There  were  no  significant  differences  in 
the  other  teratologic  endpoints  among  the  groups  treated  on  days  6-15. 
Mean  cholinesterase  activities  assayed  in  fetuses  from  the  three  handled 
groups  (RFR-exposed ,  heated,  sham-exposed)  did  not  differ  significantly 
from  one  another.  There  were  a  few  fetal  abnormalities  but  none  related 
to  differences  in  treatment. 

The  authors  suggested  that  the  lower  mean  pregnancy  rate  in  the  group 
exposed  to  RFR  on  days  1-6  may  have  been  due  to  preimplantation  death 
and/or  early  postimplantation  litter  resorption,  and  that  the  absence  of 
this  effect  in  those  exposed  on  days  6-15  may  indicate  that  embryos  in 
the  earlier  stage  of  gestation  are  more  susceptible  to  the  RFR.  On  the 
other  hand,  the  authors  noted  that  the  decrease  in  mean  pregnancy  rate 
observed  for  mice  exposed  at  30  mW/sq  cm  on  days  1-6  in  the  previous 
study  (Nawrot  et  al.,  1981)  resulted  from  handling,  but  that  combining 
the  data  from  both  studies  yielded  results  indicating  that  the  effect 
was  not  due  to  handling  alone.  They  ascribed  the  contribution  of  the 
RFR  to  this  effect  to  higher  local  temperatures  in  the  uterine  region 
because  they  had  found  that  colonic  temperature  during  exposure  to  the 
RFR  rose  about  twice  as  fast  than  during  treatment  at  the  elevated 
ambient  temperature  used  to  attain  the  same  final  colonic  temperature. 

Stavinoha  et  al.  (1975),  in  the  first  of  two  experiments,  exposed 
groups  of  4-day-old  mice  in  plastic  containers  for  20  min  to  10. 5-, 

19. 27-,  or  26.6-MHz  RFR  pulses  (pulse  duration  and  duty  cycle  not 
stated)  in  a  rectangular-coaxial  transmission-line  (TEM)  system 
(Mitchell,  1970)  at  an  electric  field  strength  of  5.8  kV/m.  Control 
groups  were  kept  in  similar  containers  outside  the  exposure  chamber. 

The  mice  were  weighed  daily  for  the  next  21  days.  Graphs  of  weight 
versus  age  at  each  frequency  showed  virtually  no  differences  between 
exposed  and  control  mice  at  corresponding  ages. 

In  the  second  experiment,  litters  of  4-day-old  pups  from  20  mice  were 
divided  into  three  groups:  (1)  control  pups,  kept  in  individual  cages; 
(2)  thermal-control  pups,  held  at  37  deg  C  for  40  rain/day  on  five  conse¬ 
cutive  days;  and  (3)  irradiated  pups,  exposed  to  19-MHz  CW  RFR  for  40 
min/day  on  five  consecutive  days  in  a  near-field  synthesizer  (Greene, 
1974),  in  which  the  electric  field  was  8  kV/ra,  the  magnetic  field  was  55 
A/ra,  and  the  two  fields  were  parallel  (vertical)  in  coincident  planes. 
After  thermal  or  RFR  treatment,  the  mean  increase  in  rectal  temperature 
was  1.5  deg  C.  The  pups  were  weighed  daily  before  each  treatment  and 
until  they  were  21  days  old,  at  which  time  the  males  and  females  were 


separated.  The  mice  were  then  weighed  weekly  for  13  additional  weeks. 

Statistical  analyses  of  growth  curves  showed  no  significant  differ¬ 
ences  among  the  three  groups  of  either  sex.  (The  final  weights  of  the 
males  were  somewhat  higher  than  those  of  the  females.)  As  the  authors 
noted,  although  the  fields  used  were  very  intense,  relatively  little  RFR 
energy  was  absorbed  by  the  mice  because  their  sizes  were  much  smaller 
than  the  wavelengths  used.  Thus,  it  would  be  inappropriate  to  apply 
these  negative  findings  to  humans  exposed  to  RFR  at  frequencies  in  the 
same  range . 

The  results  of  the  second  experiment  above  with  mouse  pups  were  also 
presented  in  Stavinoha  et  al.  (1976),  which  included  data  on  mortality 
after  the  5-day  treatment  as  well.  Of  30-female  and  30-male  control 
mice,  1  female  died;  of  30  females  and  29  males  in  the  thermal-control 
group,  there  were  1  female  and  6  male  deaths;  and  of  40  females  and  40 
males  in  the  RFR  group,  2  females  and  11  males  died,  i.e.,  relatively 
high  death  rates  for  males. 

In  addition,  Stavinoha  et  al.  (1976)  had  similarly  treated  adult  mice 
in  control,  thermal-control,  and  irradiated  groups,  with  the  latter  two 
treatments  yielding  a  mean  rectal-temperature  increase  of  1.6  deg  C. 
Within  45  min  after  treatment,  the  mice  were  exposed  to  intense  2.45-GHz 
RFR  for  brain  enzyme  inactivation,  which  required  300  milliseconds,  and 
various  brain  regions  were  assayed  for  adenosine  3':5'-cyclic  phosphate 
(cyclic  AMP).  No  significant  differences  among  the  three  groups  were 
reported . 

Stavinoha  et  al.  (1976)  also  had  exposed  rats  to  19-MHz  RFR  in  the 
near-field  synthesizer  (8  kV/m,  55  A/ra)  for  30-60  min/day  (sufficient  to 
increase  rectal  temperature  by  1-1.5  deg  C)  on  five  days,  with  groups  of 
control-  and  thermal-control  rats  for  comparison.  After  brain  enzyme 
inactivation,  various  brain  regions  were  assayed  for  acetylcholine 
(ACh),  norepinephrine,  5-OH  tryptamine,  adenosine  diphosphate  (ADP), 
adenosine  triphosphate  (ATP),  and  electrolyte  concentrations. 

The  only  significant  difference  in  ACh  concentration  was  in  the  cere¬ 
bral  cortex  of  the  RFR  group.  There  were  no  significant  differences 
among  the  three  groups  in  concentrations  of  norepinephrine,  5-OH  trypt- 
araine,  or  ATP.  For  the  RFR  group,  the  level  of  ADP  was  significantly 
lower  in  the  cerebellum  and  cerebral  cortex,  and  higher  in  the  medulla- 
pons  and  thalamus,  than  in  the  corresponding  regions  of  the  other  two 
groups.  Differences  among  groups  in  various  electrolyte  concentrations 
were  reported,  with  those  for  calcium  most  prevalent.  Calcium  concen¬ 
tration  was  higher  in  the  medulla,  hippocampus,  striatum,  and  thalamus 
for  the  thermal-control  group  and  in  the  medulla  for  the  RFR  group;  it 
was  lower  in  the  heart  for  both  the  RFR  and  thermal-control  groups  and 
in  the  testicles  and  kidneys  of  the  latter  group. 

Chernovetz  et  al.  (1977)  exposed  pregnant  rats  for  20  min  on  only  1 
day  during  gestation  days  10  through  17  to  2.45-GHz  RFR  in  a  multimode, 
mode-stirred  microwave  cavity  at  a  mean  SAR  of  31  W/kg  in  an  ambient 


temperature  of  22  deg  C  and  50%  relative  humidity.  They  also  exposed 
rats  to  infrared  radiation  (IR)  in  an  incubator  at  47  (+/-  7)  deg  C  and 
10-15%  relative  humidity.  The  incubator  conditions  were  selected  to 
produce  the  same  colonic  temperature  rise  of  3.5  deg  C  as  the  RFR  expo¬ 
sure.  Control  groups  were  sham-exposed  in  the  microwave  cavity.  Sixty- 
four  pregnant  rats  (26  each  in  the  RFR  and  IR  groups  and  12  in  the  con¬ 
trol  groups)  were  studied.  Three  dams  died  after  exposure  to  IR,  seven 
died  after  exposure  to  RFR,  and  none  died  in  the  control  groups. 

On  day  19  of  gestation,  the  54  surviving  dams  were  euthanized  and  the 
numbers  of  implantations  and  resorptions  were  counted.  In  addition, 
each  fetus  was  examined  for  morphological  abnormalities  and  its  mass  and 
viability  were  determined.  The  percentages  of  living  fetuses  per  dam 
were  about  98%  each  for  the  control  and  IR  groups  and  87%  for  the  RFR 
group,  a  statistically  significant  decrease.  The  mean  fetal  mass  for 
the  control  groups  was  1.63  g,  and  the  values  for  the  IR  and  RFR  groups 
were  1.53  and  1.54  g,  respectively,  both  significantly  lower  than  the 
mean  for  the  control  groups.  No  structural  abnormalities  were  evident 
in  any  of  the  468  formed  fetuses,  all  of  which  were  alive  when  taken, 
but  severe  edema  and  hemorrhagic  signs  were  endemic  in  the  IR  and  RFR 
groups . 

The  brains  of  60  fetuses  (20  each  from  control,  IR,  and  RFR  groups) 
were  assayed  for  norepinephrine  (NE)  and  dopamine  (DA)  in  4  groups  of  5 
pooled  brains  for  each  treatment.  The  mean  NE  level  for  the  RFR  group 
was  significantly  lower  than  for  the  controls,  but  only  marginally  lower 
than  for  the  IR  group.  The  averaged  levels  of  DA  ranked  similarly,  but 
the  differences  were  not  statistically  significant. 

The  authors  concluded  that:  "considered  in  sum,  our  findings  could  be 
taken  as  evidence  that  a  brief  but  highly  thermalizing  application  of 
2,450-MHz  microwaves  or  of  infrared  energy  have  biological  effects  both 
comparable  and  different  when  averaged  colonic  temperature  changes  are 
equal . " 

One  problem  with  this  investigation  was  the  small  number  of  rats 
studied  (a  point  recognized  by  the  authors),  which  necessitated  averag¬ 
ing  the  data  in  each  group  over  the  10-  to  16-day  gestation  period,  a 
procedure  questionable  both  biologically  and  statistically.  Perhaps  a 
minor  point  was  the  use  of  the  sham-RFR  rats  as  controls  for  the  IR 
group  instead  of  a  separate  set  of  sham-IR  controls,  in  view  of  the 
relative-humidity  ambient-temperature  differences.  Because  of  such 
problems,  the  validity  of  either  the  positive  or  negative  results  of 
this  investigation  is  difficult  to  assess. 

Smialowicz  et  al.  (1979a),  in  a  study  primarily  on  immunologic  and 
hematologic  effects,  sham-exposed  and  exposed  pregnant  rats  to  2.45-GHz 
CW  RFR  at  5  mW/sq  cm  (4. 7-0. 7  W/kg)  for  4  hr/day,  7  days/week  from 
gestation  day  6  through  term.  Following  birth,  a  group  of  male  pups  of 
each  dam  were  similarly  treated  until  age  20  days,  at  which  time  half 
were  euthanized  and  the  other  half  were  treated  until  age  40  days  and 
then  euthanized.  The  dams  and  pups  were  weighed  at  selected  intervals 
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to  determine  if  the  RFR  affected  growth.  The  SAR  range  4. 7-0. 7  W/kg 
represents  the  decrease  of  mean  SAR  with  increase  in  mean  weight  (with 
age)  rather  than  variations  among  animals  at  any  time.  There  were  no 
significant  differences  in  mean  weight  between  exposed  and  control 
animals  at  any  time.  (The  immunologic  and  hematologic  results  are 
discussed  in  Section  3.5.2.) 

Berman  et  al.  (1981)  exposed  70  time-bred  CD  rats  in  groups  of  8  in 
individual  Plexiglas  containers  to  2.45-GHz  CW  RFR  at  28  mW/sq  cm  (4.2 
W/kg),  22.2  deg  C  ambient  temperature,  and  50X  relative  humidity  for  100 
min  daily  on  gestation  days  6  through  15.  The  containers  were  arranged 
in  3x3  rectangular  arrays,  with  the  central  position  unoccupied  and  the 
long  axes  parallel  to  the  H-vector  and  perpendicular  to  the  propagation 
direction.  The  mean  colonic  temperature  at  the  end  of  each  exposure 
period  was  40.3  deg  C.  A  group  of  67  rats  was  similarly  sham-exposed. 
Each  rat  was  euthanized  on  gestation  day  21,  and  the  live,  dead,  and 
resorbed  conceptuses  were  counted.  Each  live  fetus  was  dried,  examined 
for  external  morphology,  weighed,  fixed,  and  subsequently  studied  for 
internal  morphology. 

There  were  no  statistically  significant  differences  between  RFR-  and 
sham-exposed  rats  in  pregnancy  rates;  mean  litter  values  of  live,  dead, 
resorbed,  or  total  fetuses;  or  live  fetal  weight.  The  numbers  of  ribs 
and  sternal  ossification  centers  were  comparable.  The  types  and  indices 
of  major  and  minor  terata  were  similar  in  both  groups  of  litters.  No 
encephaloceles  (brain  hernias)  were  seen  in  any  of  these  litters.  These 
negative  results  were  consonant  with  those  of  Chernovetz  et  al .  (1977), 
who  found  no  teratogenic  effects  from  exposure  to  2.45-GHz  RFR  at  about 
31  W/kg,  which  was  lethal  to  about  27X  of  the  dams. 

Berman  et  al.  (1981)  surmised  "that  this  lack  of  an  effect  may  hold 
true  at  any  exposure  level  less  than  that  which  will  kill  a  significant 
number  of  the  dams  by  hyperthermia  (colonic  temperature  greater  than  40 
deg  C),"  and  therefore  concluded  that  the  rat  is  an  inappropriate  model 
for  determining  whether  RFR  would  be  teratogenic  to  humans  in  exposure 
situations  not  lethal  for  the  mothers.  They  then  suggested  that  the 
mouse  fetus  is  a  more  appropriate  model  for  assessing  such  human  risk. 

Dietzel  (1975)  exposed  749  pregnant  rats  abdominally  to  27.12-MHz  RFR 
with  a  diathermy  machine  and  applicator  in  three  experimental  groups  at 
55,  70,  or  100  W  once  for  up  to  10  min  between  gestation  days  1  and  16. 
The  rectal  temperature  of  each  rat  was  onitored  during  exposure,  and 
the  rat  was  removed  from  the  field  when  its  temperature  reached  39, 

40.5,  or  42  deg  C  (in  lieu  of  any  other  dosimetry).  On  day  20,  the 
fetuses  were  removed,  counted,  weighed,  and  examined  for  external  mal¬ 
formations.  Also,  embryos  in  resorption  and  corpora  lutea  were  counted, 
and  the  pre implantat ion  losses  were  calculated  by  subtracting  the  num¬ 
bers  of  mature  and  resorbed  fetuses  from  the  number  of  corpora  lutea. 

Typical  predominant  abnormalities  included  neurocranial  malformations 
from  exposure  on  days  9  and  10,  kinked  or  short  tails  and  "hand"  defects 
for  days  13  and  14,  and  cleft  palate  for  day  15.  The  maximal  numbers  of 
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abnormalities  occurred  for  exposure  on  days  13  and  14  and  correlated 
well  with  rectal  temperature,  indicating  that  the  abnormalities  resulted 
from  heating  by  the  RFR. 

The  calculated  pre implantation  loss  was  about  55Z  for  days  1  and  2, 
diminished  rapidly  to  less  than  20Z  for  days  7  and  8,  and  was  close  to 
the  control  value  of  about  141  for  most  of  the  remaining  gestation  days 
of  exposure.  Post implantat ion  loss  (after  organogenesis)  increased 
slowly  from  the  101  control  value  for  exposure  during  days  1  through  6 
and  rose  rapidly  to  about  22X  for  days  15  and  16.  The  higher  values 
were  ascribed  to  RFR-generated-heat  accumulation  in  the  amniotic  sac. 

The  lack  of  adequate  dosimetry  renders  it  difficult  to  compare  these 
results  with  those  of  other  investigators. 

Dietzel  (1975)  also  compared  the  effect  of  tumor  treatment  with  461- 
MHz  RFR  on  DNA  synthesis  with  treatment  with  X-rays.  Tumor  heating  to 
42  deg  C  with  the  RFR  decreased  the  DNA-synthesis  rate  by  about  13X  at  2 
hr  post-treatment  and  by  about  27X  at  12  hr.  The  decrease  produced  by 
X-ray  treatment  was  negligible  at  2  hr  and  only  about  7X  at  12  hr. 

Lary  et  al.  (1982)  exposed  8  groups  of  pregnant  Sprague-Dawley  rats  to 
27.12-MHz  concurrent  CW  magnetic  and  electric  fields  at  55  A/m  and  300 
V/m  (free-space  equivalent  power  density  about  138  raW/sq  cm,  SAR  11.1— 
12.5  W/kg)  in  a  near-field  synthesizer  (Greene,  1974)  in  an  ambient 
temperature  of  23  deg  C  and  relative  humidity  of  45X.  Each  rat  was 
exposed  individually  while  restrained  in  a  perforated  cylindrical 
Plexiglas  holder  with  its  frontal  plane  perpendicular  to  the  magnetic 
field  and  parallel  to  the  electric  field. 

One  group  each  (16  to  28  rats)  was  exposed  on  gestation  day  1,  3,  5, 

7,  9,  11,  13,  and  15  while  colonic  temperatures  were  monitored.  Expo¬ 
sure  of  each  rat  was  terminated  when  its  colonic  temperature  reached 
43.0  (♦/-  0.1)  deg  C  (duration  20-40  rain).  Colonic  temperatures  were 
also  measured  just  before  and  after  exposure.  Eight  control  groups 
(each  10  to  13  rats)  were  sham-exposed  for  30  min,  one  each  on  the  same 
gestation  days.  A  group  (29  rats)  maintained  untreated  in  the  animal 
quarters  during  gestation  served  as  cage  controls. 

The  exposure  conditions  were  selected  to  deliver  doses  that  were  near¬ 
ly  hyperthermically  lethal  to  the  dams.  In  a  pilot  study,  most  mal¬ 
formed  litters  occurred  in  rats  heated  by  RFR  to  43.0  deg  C  or  higher 
and  no  malformations  were  seen  at  less  than  41.9  deg  C;  colonic  tempera¬ 
tures  exceeding  43.0  deg  C  were  increasingly  lethal,  with  no  rat  surviv¬ 
ing  above  43.5  deg  C.  In  the  main  study,  26  (11Z)  of  the  RFR-exposed 
rats  died  from  excessive  hyperthermia  during  or  shortly  after  exposure, 
and  only  4  of  these  had  a  final  temperature  less  than  43.0  deg  C.  No 
sham-exposed  or  cage-control  rat  died  during  the  experiment. 

All  rats  were  euthanized  on  gestation  day  20  (2  days  before  parturi¬ 
tion)  to  avoid  cannibalization  of  dead  or  malformed  offspring  by  the 
dam.  The  numbers  of  implantations,  live  fetuses,  and  dead  or  resorbed 
conceptuses  were  determined.  Also,  the  corpora  lutea  of  pregnancy  in 
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the  cage  controls  were  counted,  as  were  those  present  during  the  pre- 
implantation  period  (gestation  days  1,  3,  and  5)  of  the  RFR-  and  sham- 
exposed  groups.  Each  live  fetus  was  sexed,  weighed,  measured  for  crown- 
rump  length,  and  examined  externally  for  gross  malformations.  One-third 
of  the  live  fetuses  from  each  litter  were  selected  randomly,  dissected, 
and  examined  for  visceral  abnormalities;  the  remaining  fetuses  were 
cleared  and  stained  for  skeletal  examination. 

The  results  for  each  group  exposed  to  RFR  on  one  of  the  preimplanta¬ 
tion  gestation  days  (1,  3,  or  5)  were  compared  with  the  combined  results 
for  the  three  groups  sham-exposed  on  those  gestation  days;  the  results 
for  each  group  exposed  to  RFR  during  early  organogenesis  (day  7,  9,  or 
11)  were  compared  with  the  combined  results  for  the  groups  sham-exposed 
on  those  gestation  days;  and  the  two  groups  exposed  to  RFR  during  late 
organogenesis  (day  13  or  15)  were  similarly  treated.  To  determine 
whether  the  sham-exposed  rats  were  affected  significantly  by  handling, 
transport,  or  restraint,  their  results  were  compared  with  those  of  the 
cage  controls. 

The  results  on  embryotoxicity  indicated  that  the  cage  controls  and  the 
sham-exposed  rats  did  not  differ  significantly  from  one  another  at  each 
gestation  stage.  Specifically,  the  percentages  of  pre implantation  loss 
and  dead  or  resorbed  conceptuses  for  the  rats  sham-exposed  during  the 
preimplantation  period  were  higher  than  for  the  cage  controls,  but  the 
differences  were  not  statistically  significant,  and  neither  were  the 
differences  in  mean  fetal  weight  and  mean  crown-rump  length  between  the 
cage  controls  and  the  sham  groups  at  each  of  the  three  gestation  stages. 

The  mean  fetal  crown-rump  lengths  for  the  rats  exposed  to  RFR  on  days 
1,  3,  and  5  were  each  slightly  lower  than  for  the  combined  groups  of 
rats  sham-exposed  during  that  gestation  stage,  but  only  the  differences 
for  days  1  and  5  were  significant.  The  percentages  of  dead  or  resorbed 
conceptuses  for  the  rats  exposed  to  RFR  on  gestation  days  7,  9,  and  11 
were  29X,  49X,  and  18X,  respectively,  as  compared  with  11X  for  the  com¬ 
bined  groups  of  rats  sham-exposed  on  those  days;  only  the  differences  of 
percentages  for  days  7  and  9  were  significant.  In  addition,  the  fetal 
weights  and  crown-rump  lengths  for  the  RFR  rats  on  each  of  these  days 
were  both  significantly  lower  than  for  the  combined  sham  groups.  This 
was  also  true  for  the  values  of  these  two  endpoints  on  days  13  and  15 
relative  to  the  means  for  the  combined  sham  groups  for  that  gestation 
stage.  Thus,  maximum  embryotoxicity  was  induced  by  exposure  to  the  RFR 
on  gestation  day  9. 

Regarding  the  occurrence  of  terata,  the  differences  in  percentages  of 
external,  skeletal,  or  visceral  abnormalities  between  the  fetuses  of  the 
cage  controls  and  those  of  the  sham-exposed  rats  were  nonsignificant 
with  one  exception:  4X  of  the  fetuses  of  the  rats  sham-exposed  during 
organogenesis  (day  7,  9,  or  11)  exhibited  major  visceral  abnormalities 
as  compared  with  OX  of  the  cage-control  fetuses,  a  significant  differ¬ 
ence.  The  percentages  of  fetal  external  abnormalities  were  0  for  all 
the  sham  groups,  but  significant  percentages  were  found  for  the  RFR 
groups  on  all  days  except  1  and  5,  with  the  largest  value  (67X)  for  day 


9.  Significant  differences  between  RFR  and  sham  groups  for  major 
skeletal  abnormalities  were  obtained  for  all  days  except  3,  5,  and  13, 
with  maximum  value  (60X)  again  on  day  9.  Skeletal  variations  were 
significant  for  all  days,  with  day  9  once  more  yielding  the  largest 
value  (83X).  Major  visceral  abnormalities  were  significant  only  for  day 
9  (65X).  No  significant  sex-related  differences  wer.e  found. 


Only  3  preimplantation  fetuses,  5  early-organogenesis  fetuses,  and  1 
late-organogenesis  fetus  of  the  sham  groups  were  abnormal,  and  only  3 
cage-control  fetuses  were  abnormal.  In  the  RFR-exposed  groups,  more 
than  200  types  of  abnormalities  were  observed,  most  of  which  occurred 
only  once.  The  greatest  variety  of  abnormalities  (17)  occurred  for  ex¬ 
posure  on  gestation  day  9.  Microphthalmia  or  anophthalmia  with  associ¬ 
ated  small,  narrow  cranial  orbits  were  present  in  25-39X  of  all  viable 
fetuses;  exencephaly  and  the  associated  defects  of  protruding  tongue  and 
aplasia  of  the  upper  cranial  bones  were  evident  in  17-22X  of  the  fetus¬ 
es;  and  other  severe  malformations  were  seen  in  6-14X  of  the  fetuses. 

Lary  et  al.  (1983)  subsequently  sham-exposed  or  exposed  5  groups  (each 
30  to  41  rats)  to  27.12-MHz  fields  at  55  A/m  and  300  V/m  (about  11  W/kg) 
on  gestation  day  9,  which  caused  a  relatively  rapid  increase  in  colonic 
temperature.  Group  I  was  sham-exposed  for  2.5  hr.  RFR-exposure  of  each 
rat  in  Group  II  was  terminated  when  colonic  temperature  reached  41.0  deg 
C  (duration  14-22  min).  In  Group  III,  41.0  deg  C  was  maintained  for  2 
hr  more  by  on-off  RFR-switching  (total  exposure  time  137-144  min).  Ex¬ 
posure  of  Group  IV  was  terminated  when  colonic  temperature  reached  42.0 
deg  C  (13-33  min).  In  Group  V,  42.0  deg  C  was  maintained  for  15  min 
more  by  on-off  switching  of  the  RFR  (34-55  min  total  exposure  time). 

About  two-thirds  of  the  rats  bred  and  treated  were  actually  pregnant 
at  euthanasia  on  gestation  day  20.  There  were  no  apparent  differences 
in  mating  weight,  exposure  weight,  or  colonic  temperature  just  prior  to 
treatment  between  pregnant  and  nonpregnant  rats  or  among  the  five  groups 
of  pregnant  rats.  The  mean  percentages  of  dead  or  resorbed  conceptuses 
per  litter  for  Groups  II  and  III  did  not  differ  significantly  from  the 
mean  for  Group  I,  i.e.,  attaining  or  prolonging  colonic  temperature  41.0 
deg  C  had  no  effect  on  this  endpoint.  Embryotoxic ity  was  increased  non- 
signif icantly  by  exposure  to  attain  42.0  deg  C,  but  prolongation  of  ex¬ 
posure  at  that  temperature  for  15  min  yielded  a  significant  increase. 
Qualitatively  similar  results  were  obtained  for  mean  fetal  weights  per 
litter  and  crown-rump  lengths. 

Comparing  the  five  groups  successively,  there  were  monotonic  increases 
in  severity  in  both  percentage  of  malformed  fetuses  and  ratio  of  litters 
affected,  with  by  far  the  largest  change  for  prolongation  of  42.0  deg  C. 
Similar  results  were  obtained  for  the  percentages  of  live  fetuses  that 
had  visceral  malformations,  the  largest  change  again  occurring  for  pro¬ 
longed  exposure  at  42.0  deg  C. 

As  in  Lary  et  al.  (1982),  the  authors  ascribed  the  observed  terato¬ 
genic  effects  to  the  hyperthermia  induced  by  the  RFR,  citing  the  study 
by  Edwards  (1978),  who  demonstrated  that  excessive  heat  per  se  is  a 
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teratogen.  In  addition,  as  noted  by  Lary  et  al .  ( J  98 3 ) ,  the  existence 
of  a  colonic-temperature  threshold  for  teratogenesis  in  the  rat  is 
supported  by  the  in-vitro  results  of  Cockcroft  and  New  (1975),  who 
subjected  explanted  rat  embryos  grown  in  culture  during  gestation  days 
10-12  to  incubation  at  a  temperature  of  40  or  41  deg  C  (2-3  deg  C  above 
normal)  for  12-46  hr.  Nearly  all  of  the  embryos  incubated  at  41  deg  C 
developed  severe  abnormalities,  as  compared  with  only  about  half  of 
those  incubated  at  40  deg  C. 

Because  of  the  high  intensities  of  RFR  used  by  Dietzel  (1975)  and  Lary 
et  al.  (1982),  the  relevance  of  their  findings  to  possible  teratogenesis 
in  humans  exposed  to  much  lower  levels  of  RFR  in  the  HF  range  might  be 
questioned.  However,  Conover  et  al.  (1980)  surveyed  industrial  RFR 
plastic  sealers  operated  (mostly  by  women)  in  the  range  6-38  MHz  and 
found  that  occupational  exposure  to  the  fields  generated  by  many  of  the 
units  (most  at  27.12  MHz)  exceeded  the  limits  of  electric  and  magnetic 
field  specified  in  ANSI  (1974),  which  were  200  V/m  and  0.5  A/m.  In  ANSI 
(1982),  the  limits  specified  at  27.12  MHz  are  even  lower,  70  V/m  and 
0.175  A/m. 

In  one  of  a  pair  of  studies,  Jensh  et  al.  (1982a)  exposed  groups  of  up 
to  4  pregnant  Wistar  albino  rats  in  individual  Acrylite  cages  to  915-MHz 
CW  RFR  at  10  mW/sq  cm  for  6  hr/day  without  food  and  water  in  an  anechoic 
chamber  on  gestation  days  1  to  21.  The  mean  maternal  body  weight  over 
the  gestation  period  was  0.28  kg,  from  which  the  authors  derived  a  mean 
SAR  of  3.57  W/kg.  For  this  investigation,  11  pregnant  rats  exposed  to 
the  RFR  comprised  the  "experimental"  group  and  4  sham-exposed  rats  com¬ 
prised  the  "concurrent-control"  group.  In  addition,  5  rats  kept  in  home 
cages  (the  HC  group)  and  10  rats  kept  daily  for  6  hr  in  the  anechoic 
chamber  (the  AC  group)  served  as  two  "baseline-control"  groups. 

The  rats  were  euthanized  on  gestation  day  22.  The  weights  of  maternal 
brain,  liver,  kidneys,  and  ovaries  were  measured  and  normalized  to  term 
body  weights.  No  statistically  significant  differences  in  organ-to- 
body-weight  ratios  were  found  between  the  HC  and  AC  baseline  control 
groups  or  between  the  RFR-exposed  and  concurrent-control  groups  for  any 
of  the  organs.  However,  significant  differences  were  found  between  the 
baseline-control  groups  and  the  concurrent-control  group,  results  as¬ 
cribed  to  the  significantly  lower  mean  body  weights  of  the  baseline 
groups,  which  consisted  of  younger  animals  than  in  the  RFR-exposed  and 
concurrent-control  groups.  The  unnormalized  mean  organ  weights  showed 
no  significant  differences  among  the  four  groups. 

There  were  no  statistically  significant  differences  in  mean  litter 
size  or  mean  21-day-old  fetal  weight  among  the  four  groups.  Only  one 
fetus,  in  the  AC  baseline  group,  was  abnormal.  Resorption  rates  for  HC 
and  AC  baseline  groups  were  found  to  be  7.12  and  122,  respectively.  For 
the  RFR-exposed  group,  the  resorption  rate  was  4.42.  In  the  concurrent- 
control  group,  an  entire  litter  of  13  fetuses  was  resorbed  by  one  of  the 
rats;  inclusion  of  these  resorptions  yielded  a  rate  of  25.52. 

Not  clear  were  the  differences  in  treatment  between  the  baseline-AC 


and  the  concurrent-control  (sham-exposed)  groups.  Also,  the  significant 
difference  in  mean  body  weights  between  these  two  groups  tends  to  con¬ 
found  comparisons  between  them  of  the  various  biological  endpoints 
studied.  Thus,  only  the  comparisons  between  the  RFR-exposed  and  sham- 
exposed  groups  seem  pertinent.  The  results  for  the  latter  two  groups 
showed  no  statistically  significant  differences  in  any  of  the  biological 
endpoints  measured.  These  negative  findings  are  consonant  with  those  of 
Chernovetz  et  al .  (1977)  and  Berman  et  al.  (1981)  at  2.45  GHz  and  of 
Lary  et  al.  (1982)  at  27.12  MHz,  which  showed  that  much  higher  SARs  are 
necessary  for  teratogenic  effects  in  rats. 

In  the  companion  study  of  this  pair,  Jensh  et  al.  (1982b)  similarly 
exposed  groups  of  up  to  4  rats  (11  total)  for  6  hr/day  on  gestation  days 
1  to  21  to  915-MHz  CW  RFR  at  10  mW/sq  cm  (about  4  W/kg),  with  a  group  of 
4  sham-exposed  rats  serving  as  concurrent  controls.  Again,  an  HC  group 
of  5  rats  kept  in  home  cages  and  an  AC  group  of  10  rats  kept  daily  for  6 
hr  in  the  anechoic  chamber  without  RFR  served  as  baseline-control 
groups.  After  delivery  of  the  initial  litters  (Fla  offspring),  neonatal 
weights  were  recorded  weekly  until  age  87  days.  These  neonates  were 
given  the  following  four  reflex  tests,  starting  on  the  postnatal  day 
indicated.  The  expected  mean  age  for  achieving  criterion  performance, 
based  on  results  for  30  colony-control  litters,  is  also  indicated.  The 
tests  were:  surface  righting  (day  3,  criterion  age  9.2  days),  air  right¬ 
ing  (day  14,  criterion  age  14.0  days),  auditory  startle  (day  7,  criter¬ 
ion  age  14.0  days),  and  visual  placing  (day  16,  criterion  age  23.7 
days).  The  age  for  eye  opening  was  also  noted,  starting  on  day  12. 

These  neonates  were  weaned  on  day  30. 

At  age  60  days,  the  Fla  offspring  were  given  either  a  conditioned 
avoidance  response  (shuttle-box)  test  or  a  water  T-raaze  test  and  ,wo  of 
the  following  four  tests:  open  field,  24-hr  activity  wheel,  forelimb 
hanging,  swimming.  At  90  days  of  age,  half  these  offspring  were  killed 
and  examined  for  histopathology .  The  remaining  offspring  were  bred  in 
four  groups:  control  male  to  control  female,  control  male  to  RFR-exposed 
female,  RFR-exposed  male  to  control  female,  and  RFR-exposed  male  to  RFR- 
exposed  female.  The  resulting  litters  (F2)  were  examined  prenatally  for 
teratogenes is .  Also,  the  original  females  were  rebred  40  days  after 
delivery  of  the  Fla  offspring  (but  not  reexposed  to  RFR)  and  the 
resulting  fetuses  (Fib)  were  examined  for  teratogenesis . 

Results  for  the  initial  pregnancy  showed  no  significant  differences  in 
maternal  weight,  weight  gain,  or  Fla  mean  litter  size.  Only  one  abnor¬ 
mal  neonate,  in  the  AC  group,  was  found.  The  mean  weekly  weights  of  the 
RFR-exposed  Fla  neonates  were  significantly  larger  than  for  the  concur¬ 
rent-control  neonates  through  age  24  days,  after  which  the  differences 
were  statistically  nonsignificant.  There  were  also  some  significant 
weight  differences,  at  various  ages,  among  the  baseline  (HC  and  AC) 
groups  and  the  concurrent-control  group.  In  all  four  reflex  tests,  the 
RFR-exposed  Fla  neonates  achieved  criterion  performance  significantly 
sooner  than  the  concurrent  controls.  However,  there  was  no  significant 
difference  in  mean  age  of  eye  opening.  The  behavioral  tests  at  age  60 
days  yielded  no  significant  differences  among  the  four  groups.  Necrop- 


sies  of  the  Fla  litters  at  90  days  showed  no  significant  differences 
between  the  RFR-exposed  and  concurrent-control  groups  in  organ  weights 
or  organ/body  weight  ratios. 

The  second  breeding  of  the  original  females  yielded  no  significant 
differences  between  the  RFR-  and  concurrent-control  groups  in  maternal 
weight  or  mean  litter  size,  and  no  abnormal  offspring  were  evident. 

Also,  subsequent  necropsies  of  these  mothers  showed  no  significant 
differences  in  mean  organ  weights  or  organ/body  weight  ratios.  In  the 
cross  breeding  of  Fla  males  and  females  to  obtain  F2  fetuses,  there  were 
no  significant  RFR-related  differences  in  maternal  weight,  percentage  of 
resorptions,  fetal  weight,  or  litter  size. 

The  Jensh  et  al.  finding  of  significantly  larger  perinatal  mean  weekly 
weights  for  the  RFR-exposed  Fla  neonate  rats  than  for  the  concurrent 
controls  is  opposite  to  that  found  by  Berman  et  al .  (1982a)  in  mice 
exposed  to  2.45-GHz  RFR  at  28  mW/sq  cm  (16.5  W/kg).  This  and  the  other 
minor  effect  found  by  Jensh  et  al.  (earlier  achievement  of  criterion 
performance  in  the  reflex  tests  by  the  RFR-exposed  rats)  both  appear  to 
indicate  that  prenatal  exposure  of  rats  to  relatively  low  levels  of  RFR 
may  be  beneficial,  but  such  findings  require  independent  verification. 

Jensh  et  al .  (1983a,  1983b)  performed  a  similar  pair  of  studies,  but 
with  2.45-GHz  RFR.  In  preliminary  experiments  involving  exposures  at  up 
to  30  mW/sq  cm,  the  authors  found  that  20  mW/sq  cm  was  the  highest  level 
that  yielded  no  significant  increases  in  colonic  temperature  in  near- 
term  rats.  They  then  exposed  11  pregnant  rats  in  groups  of  up  to  4  each 
daily  for  6  hr/day  throughout  gestation  at  20  mW/sq  cm.  From  Durney  et 
al.  (1978),  the  authors  estimated  that  the  mean  SARs  during  gestation 
days  0-1,  7-8,  and  20  were  5.2,  4.8,  and  3.6  W/kg,  respectively.  Three 
concurrent-control  (sham-exposed)  rats,  10  AC  rats,  and  5  HC  rats  served 
for  comparisons.  All  of  the  rats  were  euthanized  on  gestation  day  22, 
the  numbers  and  positions  of  all  live  and  dead  fetuses  were  noted,  and 
the  fetuses  were  examined  for  abnormalities.  There  were  no  RFR-induced 
significant  differences  in  maternal  weight  gain  during  pregnancy,  term 
maternal  organ  weights  (brain,  liver,  kidneys,  ovaries),  term  fetal 
weight,  resorption  rate,  or  abnormality  rate,  which  led  the  authors  to 
conclude  that  protracted  exposure  of  the  dams  throughout  gestation  to 
2.45-GHz  RFR  at  20  mW/sq  cm  (5. 2-3. 6  W/kg)  is  not  embryotoxic. 

In  the  companion  study,  Jensh  et  al.  (1983b)  similarly  treated  other 
RFR  (12),  concurrent-control  (8),  and  baseline-control  (59)  pregnant 
rats,  but  permitted  them  to  come  to  term.  The  differences  among  groups 
for  initial  or  term  maternal  weight  or  weight  gain  during  pregnancy  were 
not  significant.  Comparative  ranking  of  growth  rates  of  the  Fla  off¬ 
spring  during  corresponding  periods  up  to  87  days  of  age  indicated  that 
the  RFR  group  had  the  highest  growth  rate,  followed  in  succession  by  the 
AC,  concurrent-control,  and  HC  groups,  but  the  differences  were  not  sta¬ 
tistically  significant.  Linear-regression  analysis  of  these  weight  data 
also  showed  nonsignificance.  Comparison  of  results  on  neonatal  reflex 
tests  (surface  righting,  air  righting,  auditory  startle,  visual  placing) 
and  on  five  of  the  six  behavioral  tests  at  age  90  days  (water  T-raaze, 


conditioned  avoidance  response,  open  field,  forelimb  hanging,  swimming) 
showed  no  significant  differences  among  groups.  In  the  sixth  behavioral 
test  (activity  wheel),  both  the  males  and  females  of  the  RFR  group  were 
significantly  more  active  than  their  respective  control  groups.  There 
were  no  significant  differences  among  groups  in  the  results  of  cross¬ 
breeding  Fla  offspring  or  in  the  results  of  teratologic  examination  of 
dams  rebred  10  days  after  weaning  the  Fla  offspring  or  of  the  resulting 
F2  offspring. 

In  the  first  of  still  another  pair  of  studies,  Jensh  (1984a)  exposed 
10  pregnant  rats  (and  1  rat  later  found  to  be  not  pregnant)  from  above 
to  6-GHz  RFR  at  35  mW/sq  cm,  which  did  not  increase  colonic  temperature 
significantly.  From  Durney  et  al .  (1978),  the  author  estimated  the  mean 
SAR  to  be  7.28  W/kg.  Ten  each  concurrent -control  and  AC  rats  and  5  HC 
rats  were  used  for  comparison.  On  gestation  day  22,  half  the  dams  of 
each  group  were  decapitated.  The  remaining  dams  were  used  for  postnatal 
analysis,  (see  Jensh,  1984b,  below).  In  addition  to  the  teratologic 
endpoints  assessed  in  the  previous  studies,  peripheral  blood  samples 
from  the  dams  were  analyzed  on  gestation  day  22  for  hematocrit  and 
hemoglobin,  and  counts  were  made  of  total  leukocytes  and  percentages  of 
lymphocytes,  monocytes,  neutrophils,  eosinophils,  and  basophils. 

There  were  no  significant  RFR-induced  differences  in  any  of  the  tera¬ 
tologic  endpoints  studied  except  for  mean  fetal  weight  at  terra,  which 
was  significantly  lower  for  the  RFR  group  than  for  the  concurrent-con¬ 
trol  (sham)  group.  However,  so  was  the  difference  between  the  sham  and 
AC  groups  and  between  the  HC  and  AC  groups,  which  could  indicate  that 
lower  mean  fetal  weight  of  the  RFR  group  may  not  have  been  RFR-related. 

The  blood  analyses,  presented  for  7  of  the  RFR  dams  and  8  sham  dams, 
showed  no  significant  differences  in  hematocrit,  hemoglobin,  or  white 
blood  cell  count.  Also,  the  differential  white  blood  cell  counts  showed 
no  significant  differences  in  neutrophils,  eosinophils,  or  basophils. 
However,  the  mean  monocyte  count  was  significantly  lower,  and  the  mean 
lymphocyte  count  was  almost  significantly  higher,  for  the  RFR  dams  than 
the  sham  dams.  (No  blood-analysis  data  were  presented  for  the  HC  or  AC 
dams  or  for  3  of  the  RFR  dams.) 

Another  point  of  conjecture  is  whether  teratogenic  effects  would  be 
expected  for  exposure  from  above  to  6-GHz  RFR  at  35  mW/sq  cm  (estimated 
whole-body  SAR  of  7.28  W/kg).  At  this  frequency,  the  penetration  depth 
for  muscle  is  about  0.7  cm,  compared  with  about  2.4  cm  at  915  MHz  and 
1.7  cm  at  2.45  GHz.  Therefore,  the  local  SARs  in  the  uteri  may  have 
been  much  lower  at  6  GHz  even  though  the  whole-body  SAR  was  much  larger 
than  in  the  earlier  studies.  In  this  context,  it  may  be  misleading  to 
compare  whole-body  SARs  for  the  three  frequencies,  and  the  author  did 
not  do  so. 

In  the  companion  study,  Jensh  (1984b)  culled  each  Fla  litter  of  the 
remaining  dams  to  4  male  and  4  female  pups  (total  124  pups),  which  were 
subjected  to  the  four  neonatal  reflex  tests  noted  above  and  to  negative 
geotaxis.  Starting  at  age  60  days,  the  behavioral  tests  noted  above 


were  initiated  on  121  pups.  Starting  at  age  90  days,  Fla  offspring  were 
bred  within/across  groups  as  before,  and  teratologic  evaluations  were 
completed  on  659  F2  term  fetuses.  The  original  dams  were  rebred  10  days 
after  weaning  the  Fla  pups,  and  teratologic  evaluations  were  completed 
on  263  Fib  offspring.  Organ  weight  analyses  were  completed  on  17 
original  dams  and  181  Fla  adult  offspring,  and  blood  analyses  on  21  of 
these  dams  and  131  of  their  offspring. 

The  difference  in  mean  maternal  weights  of  the  RFR  and  sham  groups  on 
gestation  day  0  of  the  first  breeding  was  nonsignificant  (p>0.05,  t- 
test).  On  gestation  day  21,  the  mean  maternal  weight  for  the  RFR  group 
was  significantly  smaller  (p<0.02)  than  for  the  sham  group,  yielding 
mean  weight  gains  of  42.11  and  45.21  respectively  for  the  RFR  and  sham 
dams.  However,  the  mean  weight  gain  of  the  HC  group  was  45. 8X,  which 
was  close  to  that  of  the  sham  group,  but  the  mean  for  the  baseline  AC 
group  was  42. 8X  or  close  to  that  of  the  RFR  group.  The  mean  litter  size 
for  the  RFR  dams  was  9.55  fetuses,  as  compared  with  12.00  for  the  sham 
group.  The  mean  litter  sizes  for  the  HC  and  AC  groups  were  respectively 
12.40  and  11.20. 

Examination  of  the  Fla  pups  on  postnatal  day  3  revealed  that  3  pups 
from  one  RFR-exposed  dam  had  cataracts  (unilateral  in  2  pups  and 
bilateral  in  1  pup),  1  pup  from  a  sham-exposed  dam  had  bilateral 
cataracts,  and  1  pup  from  an  AC  dam  had  a  unilateral  cataract.  No  other 
abnormalities  were  evident. 

The  mean  weights  of  68  RFR-exposed  pups  and  63  sham-exposed  pups  on 
day  3  were  9.1  and  9.9  g,  respectively,  a  significant  difference 
(p<0.01).  In  subsequent  weekly  weighings,  the  differences  were  pro¬ 
gressively  less  significant,  becoming  nonsignificant  (p>0.05)  at  about 
38  days  of  age.  On  day  3,  however,  the  mean  weight  of  111  AC  pups  was 
only  8.1  g  and  remained  significantly  lower  than  for  the  RFR-exposed 
pups  throughout  the  subsequent  weekly  weighings  (to  age  87  days). 

The  mean  ages  for  eye  opening  for  69  of  the  RFR-exposed  and  55  sham- 
exposed  Fla  pups  were  16.8  and  17.4  days,  respectively,  a  significant 
difference.  Although  not  mentioned  in  the  text,  the  mean  ages  for 
visual  placement  shown  in  the  tabulated  results  were  23.0  and  24.7  days, 
respectively,  also  a  significant  difference.  (Comparative  data  were  not 
presented  for  HC  or  AC  offspring.) 

The  results  for  the  adult  behavioral  tests  were  characterized  by  large 
variances  for  all  groups.  In  the  conditioned-avoidance-response  tost, 
the  mean  numbers  of  premature  crossings  on  the  5th  day  of  testing  b,  33 
RFR-exposed  and  29  sham-exposed  rats  irrespective  of  sex  did  not  differ 
significantly  from  one  another,  but  both  values  were  significantly  lower 
than  for  48  baseline-control  rats.  Similar  results  were  obtained  on 
retest  one  week  later.  However,  the  author  noted  that  the  RFR-exposed 
females  consistently  made  more  premature  crossings  than  the  sham-exposed 
females.  There  were  also  no  significant  differences  in  mean  numbers  of 
shock  avoidances  on  test  and  retest  among  the  combined  male  and  female 
RFR,  sham,  and  baseline  groups,  but  the  author  noted  that  the  sham- 


exposed  females  had  significantly  more  shock  avoidances  and  fewer  shocks 
than  the  sham-exposed  males. 

There  were  no  significant  differences  in  mean  time  for  the  water  T 
maze  between  males  and  females  in  either  the  RFR  group  or  the  sham 
group,  or  between  the  RFR  and  sham  groups  of  either  sex.  However,  772 
of  the  RFR-exposed  females  achieved  criterion  performance,  compared  with 
1002  for  the  sham-exposed  females.  The  corresponding  values  for  the 
males  were  932  and  942,  yielding  totals  of  842  for  the  RFR-exposed  rats 
and  962  for  the  sham-exposed  rats. 

Regarding  the  swimming  tests,  the  author  stated:  "Statistical  analyses 
invariably  indicated  that  when  significant  differences  (P<0.05)  occurred 
between  the  baseline  control  and  the  irradiated  groups,  significant 
differences  also  occurred  between  the  baseline  and  concurrent  control 
[sham-exposed]  groups." 

The  results  of  the  open-field,  hanging,  and  activity-wheel  tests, 
presented  without  regard  to  sex,  showed  no  significant  differences 
between  RFR-  and  sham-exposed  rats,  but  both  groups  differed  signifi¬ 
cantly  from  the  baseline  controls  in  hanging  and  activity. 

The  results  of  breeding  the  adult  Fla  rats  were  that  the  mean  maternal 
weight  increase  during  gestation  of  (in-utero)  RFR-exposed  females  bred 
with  RFR-exposed  males  (32.72)  was  significantly  less  than  for  colony- 
control  females  bred  with  RFR-exposed  males  (44.72)  or  for  RFR-exposed 
females  bred  with  colony-control  males  (37.02)  or  for  sham-exposed  fe¬ 
males  bred  with  sham-exposed  males  (39.52).  Also  significant  was  the 
weight-increase  difference  between  the  colony-control  females  mated  with 
RFR-exposed  males  (44.72)  and  RFR-exposed  females  mated  with  colony- 
control  males  (37.02). 

No  data  were  presented  on  results  of  breeding  colony-control  rats  with 
colony-control  rats  or  with  sham-exposed  rats  of  either  sex;  however, 
the  author  stated:  "The  group  in  which  only  the  mother  was  irradiated 
(irradiated  female  x  colony  control  male)  did  not  significantly  differ 
(P>0.05)  in  weight  gain  from  the  colony  control  female  x  sham  male  group 
but  did  differ  significantly  (P<0.05)  from  the  colony  control  female  x 
irradiated  male  group  as  well  as  the  sham  female  x  sham  male  group 
(P<0.01)."  (Reviewer  note:  by  t-test,  the  last  difference,  37.02  vs 
39.52,  was  not  significant.) 

Regarding  the  F2  offspring,  the  author  stated:  "Mean  litter  sizes  dif¬ 
fered  significantly  only  between  the  irradiated  female  x  irradiated  male 
and  the  sham  female  x  sham  male  groups  (P<0.05).  Both  the  litter  size 
and  the  resorption  rate  varied  inversely  with  the  exposure  groups.  That 
is,  the  highest  resorption  rate  (8.72)  and  the  smallest  litter  size 
(12.2)  occurred  in  the  irradiated  female  x  irradiated  male  group,  the 
two  irradiated  x  colony  control  groups  were  intermediate,  and  the  sham 
female  x  sham  male  group  was  the  lowest  in  resorption  rate  (4.52)  and 
largest  in  litter  size  (14.8).  Correlation  coefficient  analyses  re¬ 
vealed  a  significant  direct  correlation  between  maternal  weight  gain  and 


mean  litter  size  (P<0.05)  in  all  groups."  However,  t-tests  by  the  re¬ 
viewer  of  the  tabulated  data  indicated  that  the  differences  among  the 
four  groups  in  mean  F2  litter  size  and  mean  fetal  weight  were  not 
significant  (p>0.05). 

Mean  organ-to-body  weight  ratios  of  RFR-  and  sham-exposed  adult  Fla 
males  differed  significantly  (p<0.05)  only  for  the  left  kidney  and  the 
right  testis,  with  the  mean  values  larger  for  the  RFR  group.  However, 
the  values  for  both  groups  were  significantly  larger  (p<0.01)  than  for 
the  baseline  HC  and  AC  groups.  For  the  RFR-  and  sham-exposed  females, 
the  only  significant  ratio  difference  was  for  the  liver  (p<0.02),  but 
again  the  values  for  both  groups  were  significantly  larger  (p<0.001) 
than  for  the  HC  and  AC  groups. 

The  author  summarized  the  results  for  hematocrit,  hemoglobin,  and 
white  blood  cell  counts  as  follows: 

"Nonpregnant  females  and  pregnant  term  females  also  did  not  differ 
significantly  (P>0.05)  among  all  groups  across  the  two  generations.  In 
every  instance,  when  pregnant  term  females  were  compared  with  nonpreg¬ 
nant  females,  males  from  either  of  the  two  concurrent  control  groups 
(sham  or  colony  control),  and  across  two  generations,  there  was  a 
statistically  significant  difference  (P<0.05),  the  pregnant  females 
having  markedly  lower  hematocrit  values." 

"Comparison  of  hemoglobin  values  indicated  that  these  blood  levels 
were  significantly  decreased  in  all  pregnant  females  in  all  groups 
across  two  generations  when  compared  to  males  (P<0.001)  and  all  non¬ 
pregnant  females  (P<0.05)  except  the  colony  control  rebred  nonpregnant 
females . " 

"Statistical  analysis  of  white  blood  cell  counts  indicated  that  Fla 
irradiated  males  had  a  significantly  higher  (P<0.05)  count  compared  to 
concurrent  control  males  or  to  irradiated  or  control  females  (pregnant 
or  nonpregnant)  across  two  generations.  Statistical  analysis  of  the 
differential  white  blood  cell  counts  indicated  that  pregnant  females  had 
a  significantly  higher  neutrophil  count  and  a  correspondingly  lower 
lymphocyte  count  than  nonpregnant  females  (P<0.05).  Nonpregnant  females 
had  an  average  neutrophil  count  of  15  and  an  average  lymphocyte  count  of 
78.  Neutrophil  and  lymphocyte  counts  of  males  were  intermediate." 

In  his  overall  summary  and  conclusion,  the  author  stated:  "Several 
subtle  psychophysiologic  alterations  occurred  in  animals  exposed  in 
utero  to  a  35  mW/sq  cm  power  density  level  of  6000-MHz  microwave  radia¬ 
tion  in  the  absence  of  morphologic  alterations.  The  sexes  appeared 
differentially  affected  by  exposure  to  this  radiation.  Irradiated 
females  exhibited  decreased  learning  ability  in  the  water  T  maze  test 
but  the  males  were  unaffected.  Irradiated  females  exhibited  decreased 
activity  levels,  and  males  showed  increased  activity  levels,  in  the  open 
field  test.  [Note  by  reviewer:  The  last  two  statements  appear  to  be 
contrary  to  the  behavioral  results  discussed  above.)  Subtle  shifts  in 
the  Fla  population  reproductive  parameters  indicate  possible  long-term 


irradiation  effects.  These  studies  indicate  that  this  power  density 
level  at  this  frequency  may  be  deleterious  to  the  rat,  but  that  lower 
power  density  levels  may  not  be.  Functional  evaluations  are  not  con¬ 
clusive  in  the  absence  of  correlative  structural  data,  since  functional 
data  are  an  addition  to  and  not  a  substitute  for  structural  data." 

[Note  by  reviewer:  The  statements  regarding  decreased  female  learning 
ability  and  activity  appear  to  be  contrary  to  the  results  reported  in 
the  body  of  the  paper.] 

A  noteworthy  point  regarding  the  use  of  multiple  behavioral  tests  on 
the  same  rats  is  an  investigation  (not  involving  RFR)  by  Jensh  et  al. 
(1981)  showing  that  performance  of  a  task  by  rat  offspring  does  not 
alter  significantly  the  subsequent  performance  of  an  unrelated  task. 

Perhaps  the  most  important  finding  of  this  study  was  the  absence  of 
any  terata  in  Fla,  Fib,  and  F2  offspring  from  prolonged  exposure  of  rats 
(8  hr/day  throughout  their  first  pregnancy)  to  6-GHz  RFR  at  35  raW/sq  cm 
(whole-body  SAR  of  about  7  W/kg).  (The  few  cataracts  observed  in  the 
Fla  offspring  appeared  to  be  unrelated  to  RFR  exposure.)  This  finding 
is  consonant  with  the  results  of  Berman  et  al .  (1981)  on  pregnant  rats 
exposed  to  2.45-GHz  RFR  for  100  min  daily  at  28  mW/sq  cm  (whole-body  SAR 
of  4.2  W/kg)  on  gestation  days  6  through  15. 

Merritt  et  al .  (1984)  exposed  10  pregnant  Sprague-Dawley  rats,  each 
unrestrained  in  a  cylindrical  Plexiglas  cage  within  a  circular-waveguide 
system  (Guy  et  al.,  1979),  to  circularly  polarized  2.45-GHz  pulsed  RFR 
(8-microsecond  pulses  at  830  pps)  for  24  hr/day  starting  on  gestation 
day  2  and  ending  on  gestation  day  18.  The  power  absorbed  by  each  rat 
was  determined  from  measurements  of  forward,  reflected,  and  transmitted 
powers  without  and  with  the  rat  present.  From  Durney  et  al.  (1980),  p. 
60,  the  incident  average  power  density  of  circularly  polarized  RFR 
corresponding  to  0.4  W/kg  in  a  prolate-spheroidal  model  of  a  medium  rat 
exposed  end-on  was  estimated  to  be  about  2  mW/sq  cm.  Based  on  this 
estimate  and  on  power  measurements  on  rat  carcasses  of  different  masses, 
the  input  power  was  varied  to  maintain  the  SAR  constant  at  0.4  W/kg  for 
each  dam  as  its  mass  increased  during  the  exposure  period.  Ten  rats 
similarly  housed  were  concurrently  sham-exposed.  All  20  waveguides  were 
in  a  room  maintained  at  24  +/-  2  deg  C  and  50-60X  relative  humidity. 
Water  and  food  were  provided  freely  during  exposure  via  a  bottle  and 
food-pellet  holder  decoupled  from  each  cage  and  waveguide  by  quarter- 
wavelength  chokes  to  minimize  external  power  losses. 

All  20  rats  were  pregnant  when  they  arrived  on  gestation  day  2.  They 
were  weighed,  immediately  placed  randomly  in  the  10  RFR-  and  10  sham- 
exposure  waveguides,  and  exposed.  They  were  reweighed  every  fourth  day. 
On  gestation  day  18,  the  dams  were  euthanized  and  the  fetuses  were 
removed.  After  each  fetus  was  weighed,  its  brain  was  dissected  out, 
weighed,  homogenized,  and  assayed  for  RNA,  DNA,  and  protein,  with  each 
of  the  latter  three  expressed  in  terms  of  both  mg/brain  and  microgram/mg 
of  brain  tissue  (totaling  8  endpoints).  The  difference  between  the  two 
groups  for  each  of  the  8  endpoints  was  nonsignificant  (p>0.05). 
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To  determine  the  effects  of  RFR  exposure  on  brain  development,  a 
regression  of  mean  litter  brain  weight  on  mean  litter  body  weight  was 
calculated  for  the  sham  group  and  plotted.  Scattered  about  the  line 
were  the  mean  values  for  the  RFR  group.  Based  on  Edwards  (1969),  the 
criterion  used  for  microencephalous  litters  was  a  regression  line  two 
SEMs  below  the  regression  line  for  the  sham  group.  All  RFR  mean  values 
were  above  the  criterion  line,  i.e.,  no  litter  was  micrencephalous . 

It  is  interesting  to  note  that  all  of  the  negative  findings  above  were 
for  rats.  By  contrast,  RFR-induced  teratogenesis  (growth  retardation) 
in  the  mouse  and  hamster  was  reported,  for  example  by  Berman  et  al. 
(1982a,  1982b).  This  effect  appears  to  have  been  thermally  induced,  a 
conclusion  supported  by  the  results  of  Inouye  et  al.  (1982)  and  Nawrot 
et  al .  (1981).  These  differences  in  response  among  the  three  species  of 
rodents  may  be  an  indication  that  none  is  a  satisfactory  surrogate  for 
humans  with  regard  to  possible  RFR  teratogenesis. 

3 . 3 . 2 . 2  PRIMATES 

As  discussed  in  Section  3.7.1,  Kaplan  et  al.  (1982),  in  a  study 
designed  primarily  for  seeking  possible  effects  of  chronic  exposure  to 
RFR  on  mother-offspring  behavioral  patterns  and  the  EEG,  exposed  33 
female  squirrel  monkeys  near  the  beginning  of  the  second  trimester  of 
pregnancy  to  2.45-GHz  RFR  in  multimode,  mode-stirred  microwave  cavities 
at  whole-body  SARs  of  0.034,  0.34,  or  3.4  W/kg  (respectively  equivalent 
to  0.1,  1,  and  10  mW/sq  cm  of  plane-wave  RFR)  for  3  hr/day,  5  days/week, 
until  parturition.  Eight  pregnant  monkeys  were  sham-exposed  for  the 
same  periods.  After  parturition,  18  of  the  RFR-exposed  dams  and  their 
offspring  were  exposed  to  RFR  for  an  additional  6  months;  then  the 
offspring  were  exposed  without  the  dams  for  another  6  months. 

Two  of  the  dams  exposed  at  3.4  W/kg  (10  raW/sq  cm)  and  one  dam  exposed 
at  0.34  W/kg  (1  mW/sq  cm)  died,  all  within  a  day  or  two  after  parturi¬ 
tion.  These  dams  comprised  only  10Z  of  the  total  exposed,  but  similar 
deaths  had  not  occurred  in  more  than  250  pregnancies  recorded  during  the 
five  previous  years  in  the  squirrel-monkey  colony  of  that  laboratory. 

Live  births  were  recorded  for  30  of  the  33  RFR-exposed  dams  and  for 
all  8  sham-exposed  dams.  (The  stillbirths  were  for  two  dams  exposed  at 
0.034  and  one  at  3.4  W/kg.)  The  relative  numbers  of  live  births  among 
RFR  groups  irrespective  of  when  they  were  exposed  were  comparable:  2/9, 
2/12,  and  5/9  in  the  0.034-,  0.34-,  and  3.4-W/kg  groups,  respectively, 
vs  0/8  in  the  sham  group.  However,  as  discussed  below,  the  relative 
numbers  of  infant  deaths  were  not  comparable. 

Offspring  were  weighed  weekly  for  the  first  8  weeks  of  age  and  monthly 
thereafter  until  they  were  1  year  old.  There  were  no  significant  dif¬ 
ferences  between  the  groups  at  any  age. 

Developmental  tests  designed  to  assess  perceptual  and  motor  capabili¬ 
ties  were  given  weekly,  at  ages  1-8  weeks.  These  tests  were  righting, 
orienting,  climbing  down,  climbing  up,  and  directed  locomotion.  There 


were  no  significant  differences  among  groups  in  the  first  four  tests. 

In  the  fifth  test,  the  infant  was  released  into  one  end  of  a  wire-mesh 
alleyway,  with  its  mother  visible  at  the  other  end.  The  alleyway  was 
divided  into  six  segments  of  equal  length  and  the  segment  closest  to  the 
mother  traveled  by  the  infant  within  30  seconds  and  the  time  taken  to 
reach  the  mother  if  this  occurred  within  30  seconds  were  scored.  With 
increasing  age,  infants  generally  moved  closer  to  their  mothers,  and  no 
significant  differences  were  found  among  groups  in  distance  traveled  to 
mother.  However,  there  were  significant  differences  in  the  numbers  of 
infants  that  reached  the  section  nearest  their  mothers  in  the  sixth, 
seventh,  and  eighth  weeks.  Of  the  sham-exposed  infants,  88X,  100X,  and 
100X  respectively  did  so.  For  the  groups  exposed  only  prenatally,  the 
corresponding  percentages  were  100,  66,  and  100  at  0.034  W/kg;  50,  50, 
and  100  at  0.34  W/kg;  and  0,  0,  and  50  at  3.4  W/kg.  For  the  groups  ex¬ 
posed  prenatally  and  postnatally,  the  percentages  were  60,  60,  and  80  at 
0.034  W/kg;  60,  75,  and  75  at  0.34  W/kg;  and  40,  40,  and  40  at  3.4  W/kg. 

Regarding  infant  mortality,  of  the  infants  exposed  only  prenatally  and 
born  alive,  2  of  the  4  exposed  at  0.034  W/kg  died  (at  ages  32  and  83 
days),  none  of  the  6  exposed  at  0.34  W/kg  died,  and  1  of  the  4  exposed 
at  3.4  W/kg  died  (at  age  4  days);  of  the  16  exposed  both  prenatally  and 
postnatally,  none  of  the  5  exposed  at  0.034  W/kg  died,  2  of  the  6  ex¬ 
posed  at  0.34  W/kg  died  (at  ages  38  and  49  days),  and  4  of  the  5  exposed 
at  3.4  W/kg  died  (at  ages  58,  78,  143,  and  177  days).  The  annual  mor¬ 
tality  rate  during  the  first  year  of  life  for  the  five  previous  years  of 
the  colony  averaged  20-25X,  so  the  numbers  of  infant  deaths  at  0.034  and 
0.34  W/kg  were  not  atypical;  however,  the  4  deaths  of  5  infants  in  the 
3.4-W/kg  group  exposed  prenatally  and  postnatally  were  much  larger  than 
the  normal  mortality  rate,  and  appeared  to  be  a  direct  result  of  expo¬ 
sure  to  that  level  of  RFR.  None  of  the  8  sham-exposed  infants  died 
during  the  study,  which  was  also  atypical,  and  comparison  of  the  two 
groups  showed  the  difference  to  be  statistically  significant  (p<0.01, 
Fisher  exact  probability  test). 

In  all  but  one  case,  the  infant  deaths  occurred  without  warning;  each 
was  found  in  its  home  cage  in  the  morning.  Necropsies  had  not  been 
planned,  were  not  performed  on  any  of  the  adults,  and  were  performed  on 
only  4  of  the  9  dead  infants.  In  none  of  these  cases  could  the  cause  of 
death  be  determined.  However,  as  stated  in  a  note  added  in  proof  to 
Kaplan  et  al.  (1982),  a  followup  study,  with  infant  mortality  as  the 
major  endpoint  and  sufficient  numbers  of  animals  for  greater  statistical 
validity,  yielded  negative  results,  i.e.,  no  statistically  significant 
differences  in  infant  mortality  between  RFR  and  control  groups. 

Several  epidemiologic  studies  were  conducted  on  possible  teratogenic 
effects  of  RFR  in  humans,  notably  by  Peacock  et  al .  (1971)  and  Burdeshaw 
and  Schaffer  (1977).  The  findings  of  these  studies  were  discussed  in 
Section  3.1.1. 


REFERENCES : 

ANSI  (American  National  Standards  Institute),  C95. 1-1974 
SAFETY  LEVEL  OF  ELECTROMAGNETIC  RADIATION  WITH  RESPECT  TO  PERSONNEL 
Published  by  the  Institute  of  Electrical  and  Electronics  Engineers,  New 
York  (1974) 

ANSI,  C95. 1-1982 

SAFETY  LEVELS  WITH  RESPECT  TO  HUMAN  EXPOSURE  TO  RADIO  FREQUENCY 
ELECTROMAGNETIC  FIELDS,  300  KHZ  TO  100  GHZ 

Published  by  the  Institute  of  Electrical  and  Electronics  Engineers,  New 
York  (1982) 

Berman,  E. ,  J.B.  Kinn,  and  H.B.  Carter 

OBSERVATIONS  OF  MOUSE  FETUSES  AFTER  IRRADIATION  WITH  2.45  GHZ  MICROWAVES 
Health  Phys.,  Vol .  35,  pp.  791-801  (1978) 

Berman,  E. ,  H.B.  Carter,  and  D.  House 

OBSERVATIONS  OF  RAT  FETUSES  AFTER  IRRADIATION  WITH  2450-MHZ  (CW) 
MICROWAVES 

J.  Microwave  Power,  Vol.  16,  No.  1,  pp.  9-13  (1981) 

Berman,  E. ,  H.B.  Carter,  and  D.  House 

REDUCED  WEIGHT  IN  MICE  OFFSPRING  AFTER  IN  UTERO  EXPOSURE  TO  2450-MHZ 
(CW)  MICROWAVES 

Bioelectromagnetics,  Vol.  3,  No.  2,  pp.  285-291  (1982a) 

Berman,  E. ,  H.B.  Carter,  and  D.  House 

OBSERVATIONS  OF  SYRIAN  HAMSTER  FETUSES  AFTER  EXPOSURE  TO  2450-MHZ 
MICROWAVES 

J.  Microwave  Power,  Vol.  17,  No.  2,  pp.  107-112  (1982b) 

Bollinger,  J.N.,  R.L.  Lawson,  and  W.C.  Dolle 

RESEARCH  ON  BIOLOGICAL  EFFECTS  OF  VLF  BAND  ELECTROMAGNETIC  RADIATION 
USAF  School  of  Aerospace  Medicine,  Brooks  AFB,  Texas;  Final  Report  SAM- 
TR-74-52  on  Contract  F41609-73-C-0035,  submitted  by  Southwest  Research 
Institute,  San  Antonio,  Texas  (1974) 

Burdeshaw,  J.A.  and  S.  Schaffer 

FACTORS  ASSOCIATED  WITH  THE  INCIDENCE  OF  CONGENITAL  ANOMALIES:  A 
LOCALIZED  INVESTIGATION 

Final  Report,  Report  No.  XXIII,  24  May  1973-31  March  1976,  Contract  No. 
68-02-0791,  EPA  600/1-77-016  (March  1977) 

Chernovetz,  M.E.,  D.R.  Justesen,  N.W.  King,  and  J.E.  Wagner 
TERATOLOGY,  SURVIVAL,  AND  REVERSAL  LEARNING  AFTER  FETAL  IRRADIATION  OF 
MICE  BY  2450-MHZ  MICROWAVE  ENERGY 

J.  Microwave  Power,  Vol.  10,  No.  4,  pp.  391-409  (1975) 

Chernovetz,  M.E.,  D.R.  Justesen,  and  A.F.  Oke 

A  TERATOLOGICAL  STUDY  OF  THE  RAT:  MICROWAVE  AND  INFRARED  RADIATIONS 
COMPARED 

Radio  Sci.,  Vol.  12,  No.  6S,  pp.  191-197  (1977) 


Cockcroft,  D.L.  and  D.A.T.  New 

EFFECTS  OF  HYPERTHERMIA  ON  RAT  EMBRYOS  IN  CULTURE 
Nature,  Vol.  258,  pp.  604-606  (1975) 

Conover,  D.L.,  W.E.  Murray,  Jr.,  E.D.  Foley,  J.M.  Lary,  and  W.H.  Parr 
MEASUREMENT  OF  ELECTRIC-  AND  MAGNETIC-FIELD  STRENGTHS  FROM  INDUSTRIAL 
RADIO-FREQUENCY  (6-38  MHZ)  PLASTIC  SEALERS 
Proc.  IEEE,  Vol.  68,  No.  1,  pp.  17-20  (1980) 

Dietzel,  F. 

EFFECTS  OF  ELECTROMAGNETIC  RADIATION  ON  IMPLANTATION  AND  INTRAUTERINE 
DEVELOPMENT  OF  THE  RAT 

Ann.  N.Y.  Acad.  Sci.,  Vol.  247,  pp.  367-376  (1975) 

Durney,  C.H.,  C.C.  Johnson,  P.W.  Barber,  H.W.  Massoudi,  M.F.  Iskander, 
J.L.  Lords,  D.K.  Ryser,  S.J.  Allen,  and  J.C.  Mitchell 
RADIOFREQUENCY  RADIATION  DOSIMETRY  HANDBOOK  [SECOND  EDITION] 

USAF  School  of  Aerospace  Medicine,  Brooks  AFB,  TX,  Report  SAM-TR-78-22 
(1978) 

Durney,  C.H.,  M.F.  Iskander,  H.  Massoudi,  S.J.  Allen,  and  J.C.  Mitchell 
RADIOFREQUENCY  RADIATION  DOSIMETRY  HANDBOOK  [THIRD  EDITION] 

USAF  School  of  Aerospace  Medicine,  Brooks  AFB,  TX,  Report  SAM-TR-80-32 
(1980) 

Edwards,  M.J. 

CONGENITAL  DEFECTS  IN  GUINEA  PIGS:  PRENATAL  RETARDATION  OF  BRAIN  GROWTH 
OF  GUINEA  PIGS  FOLLOWING  HYPERTHERMIA  DURING  GESTATION 
Teratology,  Vol.  2,  pp.  329-336  (1969) 

Edwards,  M.J. 

CONGENITAL  DEFECTS  DUE  TO  HYPERTHERMIA 

Adv.  Vet.  Sci.  Comp.  Med.,  Vol.  22,  pp.  29-52  (1978) 

Greene,  F.M. 

DEVELOPMENT  AND  CONSTRUCTION  OF  AN  ELECTROMAGNETIC  NEAR- FI ELD 
SYNTHESIZER 

U.S.  Department  of  Commerce,  National  Bureau  of  Standards,  NBS  Technical 
Note  652  (1974) 

Guy,  A.W. ,  J.  Wallace,  and  J.A.  McDougall 

CIRCULARLY  POLARIZED  2450-MHZ  WAVEGUIDE  SYSTEM  FOR  CHRONIC  EXPOSURE  OF 
SMALL  ANIMALS  TO  MICROWAVES 

Radio  Sci.,  Vol.  14,  No.  6S,  pp.  63-74  (1979) 

Inouye,  M. ,  N.  Matsumoto,  M.J.  Galvin,  and  D.I.  McRee 

LACK  OF  EFFECT  OF  2.45-GHZ  MICROWAVE  RADIATION  ON  THE  DEVELOPMENT  OF 

P RE IMPLANTATION  EMBRYOS  OF  MICE 

Bioelectromagnetics,  Vol.  3,  No.  2,  pp.  275-283  (1982) 


Jensh,  R.P.,  A.  Magaziner,  and  W.H.  Vogel 

EFFECTS  OF  MATERNAL  ENVIRONMENT  AND  POSTNATAL  MULTIPLE  TESTING  ON  ADULT 
RAT  OFFSPRING 

J.  Toxicol.  Environ.  Health,  Vol.  7,  Nos.  3-4,  pp.  655-663  (1981) 

Jensh,  R.P.,  I.  Weinberg,  and  R.L.  Brent 

TERATOLOGIC  STUDIES  OF  PRENATAL  EXPOSURE  OF  RATS  TO  915-MHZ  MICROWAVE 
RADIATION 

Radiat.  Res.,  Vol.  92,  pp.  160-171  (1982a) 

Jensh,  R.P.,  W.H.  Vogel,  and  R.L.  Brent 

POSTNATAL  FUNCTIONAL  ANALYSIS  OF  PRENATAL  EXPOSURE  OF  RATS  TO  915  MHZ 
MICROWAVE  RADIATION 

J.  Am.  Coll.  Toxicol.,  Vol.  1,  No.  3,  pp.  73-90  (1982b) 

Jensh,  R.P. ,  I.  Weinberg,  and  R.L.  Brent 

AN  EVALUATION  OF  THE  TERATOGENIC  POTENTIAL  OF  PROTRACTED  EXPOSURE  OF 
PREGNANT  RATS  TO  2450-MHZ  MICROWAVE  RADIATION:  I.  MORPHOLOGIC  ANALYSIS 
AT  TERM 

J.  Toxicol.  Environ.  Health,  Vol.  11,  pp.  23-35  (1983a) 

Jensh,  R.P.,  W.H.  Vogel,  and  R.L.  Brent 

AN  EVALUATION  OF  THE  TERATOGENIC  POTENTIAL  OF  PROTRACTED  EXPOSURE  OF 
PREGNANT  RATS  TO  2450-MHZ  MICROWAVE  RADIATION:  II.  POSTNATAL 
PSYCHOPHYSIOLOGIC  ANALYSIS 

J.  Toxicol.  Environ.  Health,  Vol.  11,  pp.  37-59  (1983b) 

Jensh,  R.P. 

STUDIES  OF  THE  TERATOGENIC  POTENTIAL  OF  EXPOSURE  OF  RATS  TO  6000-MHZ 
MICROWAVE  RADIATION--I .  MORPHOLOGIC  ANALYSIS  AT  TERM 
Radiat.  Res.,  Vol.  97,  No.  2,  pp.  272-281  (1984a) 

Jensh,  R.P. 

STUDIES  OF  THE  TERATOGENIC  POTENTIAL  OF  EXPOSURE  OF  RATS  TO  6000-MHZ 
MICROWAVE  RADIATION--I I .  POSTNATAL  PSYCHOPHYSIOLOGIC  EVALUATIONS 


Radiat . 

Res.,  Vol.  97, 

No.  2,  pp. 

282-301 

(1984b) 

Kaplan , 

J.  ,  P.  Poison, 

C.  Rebert, 

K.  Lunan 

,  and  M 

BIOLOGICAL  AND  BEHAVIORAL  EFFECTS  OF  PRE-  AND  POSTNATAL  EXPOSURE  TO  2450 
MHZ  ELECTROMAGNETIC  RADIATION  IN  THE  SQUIRREL  MONKEY 
Radio  Sci.,  Vol.  17,  No.  5S,  pp.  135-144  (1982) 

Lary,  J.M.,  D.L.  Conover,  E.D.  Foley,  and  P.L.  Hanser 
TERATOGENIC  EFFECTS  OF  27.12  MHZ  RADIOFREQUENCY  RADIATION  IN  RATS 
Teratology,  Vol.  26,  No.  3,  pp.  299-309  (1982) 

Lary,  J.M.,  D.L.  Conover,  P.H.  Johnson,  and  J.R.  Burg 

TERATOGENICITY  OF  27.12-MHZ  RADIATION  IN  RATS  IS  RELATED  TO  DURATION  OF 
HYPERTHERMIC  EXPOSURE 

Bioelectromagnetics,  Vol.  4,  No.  3,  pp .  249-255  (1983) 


Merritt,  J.H.,  K.A.  Hardy,  and  A.F.  Charaness 

IN  UTERO  EXPOSURE  TO  MICROWAVE  RADIATION  AND  RAT  BRAIN  DEVELOPMENT 
Bioelectromagnetics,  Vol.  5,  No.  3,  pp.  315-322  (1984) 

Mitchell,  J.C. 

A  RADIOFREQUENCY  RADIATION  EXPOSURE  APPARATUS 

USAF  School  of  Aerospace  Medicine,  Brooks  AFB,  TX,  Report  SAM-TR-70-43 
(1970) 

Nawrot,  P.S.,  D.I.  McRee,  and  R.E.  Staples 

EFFECTS  OF  2.45  GHZ  CW  MICROWAVE  RADIATION  ON  EMBRYOFETAL  DEVELOPMENT  IN 
MICE 

Teratology,  Vol.  24,  No.  3,  pp.  303-314  (1981) 

Nawrot,  P.S.,  D.I.  McRee,  and  M.J.  Galvin 

TERATOGENIC,  BIOCHEMICAL,  AND  HISTOLOGICAL  STUDIES  WITH  MICE  PRENATALLY 
EXEOSED  TO  2.45-GHZ  MICROWAVE  RADIATION 
Radiat.  Res.,  Vol.  102,  No.  1,  pp.  35-45  (1985) 

Peacock,  P.B.,  J.W.  Simpson,  C.A.  Alford,  Jr.,  and  F.  Saunders 
CONGENITAL  ANOMALIES  IN  ALABAMA 

J.  Med.  Assoc.  Ala.,  Vol.  41,  No.  1,  pp.  42-50  (1971) 

Rugh,  R. ,  E.I.  Ginns,  H.S.  Ho,  and  W.M.  Leach 
ARE  MICROWAVES  TERATOGENIC? 

In  P.  Czerski  et  al .  (eds.),  BIOLOGICAL  EFFECTS  AND  HEALTH  HAZARDS  OF 
MICROWAVE  RADIATION,  Polish  Medical  Publishers,  Warsaw,  pp.  98-107 
(1974) 

Rugh,  R. ,  E.I.  Ginns,  H.S.  Ho,  and  W.M.  Leach 

RESPONSES  OF  THE  MOUSE  TO  MICROWAVE  RADIATION  DURING  ESTROUS  CYCLE  AND 
PREGNANCY 

Radiat.  Res.,  Vol.  62,  pp.  225-241  (1975) 

Smialowicz,  R.J.,  J.B.  Kinn,  and  J.A.  Elder 

PERINATAL  EXPOSURE  OF  RATS  TO  2450-MHZ  CW  MICROWAVE  RADIATION:  EFFECTS 
ON  LYMPHOCYTES 

Radio  Sci.,  Vol.  14,  No.  6S,  pp.  147-153  (1979a) 

Stavinoha,  W.B.,  A.  Modak,  M.A.  Medina,  and  A.E.  Gass 

GROWTH  AND  DEVELOPMENT  OF  NEONATAL  MICE  EXPOSED  TO  HIGH-FREQUENCY 

ELECTROMAGNETIC  WAVES 

USAF  School  of  Aerospace  Medicine,  Brooks  AFB,  Texas;  Final  Report  SAM- 
TR-75-51  on  Contract  F41609-74-C-0018 ,  submitted  by  University  of  Texas 
Health  Science  Center,  San  Antonio,  Texas  (1975) 

Stavinoha,  W.B.,  M.A.  Medina,  J.  Frazer,  S.T.  Weintraub,  D.H.  Ross,  A.T. 
Modak,  and  D.J.  Jones 

THE  EFFECTS  OF  19  MEGACYCLE  IRRADIATION  ON  MICE  AND  RATS 
In  C.  C.  Johnson  and  M.  Shore  (eds.),  BIOLOGICAL  EFFECTS  OF 
ELECTROMAGNETIC  WAVES,  Vol.  I,  U.S.  Department  of  Health,  Education,  and 
Welfare,  HEW  Publication  (FDA)  77-8010,  pp.  431-448  (1976) 


3.3.3  CONCLUSIONS 


Most  studies  of  RFR-induced  teratogenesis  in  Tenebrio  raolitor  were 
done  with  RFR  levels  high  enough  to  heat  the  subjects  significantly,  but 
the  results  of  Carpenter  and  Livstone  (1971)  and  Liu  et  al.  (1975) 
appeared  to  indicate  that  RFR-induced  teratogenesis  is  not  entirely  due 
to  the  heat  produced  by  the  RFR.  However,  Pickard  and  Olsen  (1979)  were 
unable  to  confirm  such  findings,  and  showed  that  the  presence  of  uncon¬ 
trolled  non-RFR  factors  might  account  for  such  differences  in  findings. 
Also,  Olsen  and  Hammer  (1982)  found  large  variations  of  local  SAR  in 
Tenebrio  pupae,  rendering  inappropriate  any  comparisons  of  effects  of 
RFR  with  those  of  radiant  heat.  Thus,  there  is  no  valid  evidence  for 
teratogenic  effects  in  Tenebrio  at  nonthermogenic  RFR  levels. 

A  similar  conclusion  can  be  reached  about  the  teratogenesis  studies  of 
McRee  and  coworkers  with  Japanese-quail  eggs  and  about  RFR-induced 
developmental  abnormalities  in  hatched  birds.  On  the  other  hand,  Fisher 
et  al.  (1979)  reported  retardation  of  development  in  chicken  embryos  due 
to  exposure  of  eggs  to  RFR  at  relatively  low  power  densities  (about  3.5 
mW/sq  cm  average)  at  ambient  temperatures  selected  to  compensate  for  the 
rises  in  mean  internal  temperature,  but  the  supposedly  nonthermal  basis 
for  the  effect  is  open  to  question  because  Clarke  and  Justesen  (1983) 
showed  that  the  internal  temperature  gradients  within  RFR-exposed  eggs 
are  much  higher  than  in  sham-exposed  eggs. 

Regarding  the  studies  of  RFR-induced  teratogenesis  and  developmental 
abnormalities  in  mammals,  the  results  for  rodents  were  mixed.  Though 
both  positive  and  negative  findings  were  obtained  with  mice,  one  effect, 
a  significant  retardation  in  postnatal  growth  due  to  RFR-exposure  in 
utero  was  reported  in  several  of  the  more  recent  studies  (an  effect 
found  with  hamsters  as  well).  On  the  other  hand,  all  of  the  studies 
with  rats  yielded  negative  results,  an  indication  that  the  levels  of  RFR 
necessary  to  cause  significant  prenatal  terata  or  postnatal  growth  or 
development  retardation  are  close  to,  or  above,  the  lethal  level  for  the 
dams.  This  finding  led  Berman  et  al.  (1981)  to  conclude  that  the  mouse 
may  be  more  suitable  than  the  rat  for  studies  of  possible  RFR-induced 
teratogenic  effects  in  humans,  a  conclusion  that  appears  specious  in 
view  of  the  large  physiological  differences  between  rodents  and  humans 
and  among  the  three  rodent  species  themselves.  Clearly,  such  studies 
with  nonhuman  primates  would  be  much  more  definitive.  The  negative 
findings  of  Kaplan  et  al.  (1982)  with  squirrel  monkeys  are  important, 
but  firm  conclusions  should  not  be  drawn  on  the  basis  of  studies  in  one 
laboratory . 

Overall,  the  findings  of  the  investigations  thus  far  of  possible  RFR- 
induced  teratogenesis  and  developmental  abnormalities  appear  to  support 
the  conclusion  that  such  effects  can  occur  from  the  heat  produced  by  the 
|  RFR  rather  than  from  any  special  teratogenic  properties  of  RFR,  and  that 

the  likelihood  of  such  effects  occurring  in  humans  from  non-occupat ional 
exposure  to  RFR  is  negligible. 

' 
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3.4  NERVOUS  SYSTEM 


Concern  has  been  expressed  that  the  interactions  of  RFR  with  the  ner¬ 
vous  system  can  give  rise  to  various  deleterious  physiological  effec;s. 
The  RFR-auditory  effect  received  early  prominence  because  it  had  been 
cited  as  evidence  that  nonthermal  effects  can  occur  and  because  of  an 
initial  hypothesis  that  the  effect  could  be  due  to  direct  RFR-stimula- 
tion  of  the  central  nervous  system  (CNS).  Neither  argument  seems  ten¬ 
able,  as  noted  above  in  Section  3. 1.4.2.  On  the  other  hand,  effects  on 
the  CNS  may  be  manifested  as  alterations  in  behavior,  fenestration  of 
the  blood-brain  barrier  that  prevents  passage  of  foreign  agents  from  the 
vascular  system  of  the  brain  into  the  surrounding  tissue,  changes  in  the 
histopathology  and  histochemistry  of  the  CNS  and  of  the  EEG,  and  RFR- 
induced  changes  of  efflux  of  calcium  from  brain  tissue,  the  last  being  a 
subject  of  much  controversy.  These  topics  are  discussed  in  the 
following  sections. 

3.4.1  BLOOD-BRAIN-BARRIER  EFFECTS 

The  existence  of  a  blood-brain  barrier  (BBB)  in  most  regions  of  the 
brain  has  been  established  experimentally,  but  its  specific  morphology 
is  still  conjectural.  This  barrier  normally  provides  high  resistance  to 
movements  of  large-molecular-weight,  fat- insoluble  substances  (such  as 
proteins  or  polypeptides)  from  the  blood  vessels  into  the  surrounding 
cerebral  extracellular  fluid,  to  protect  the  brain  from  invasion  by 
various  blood-borne  pathogens  and  toxic  substances.  Some  investigators 
have  reported  that  low  levels  of  RFR  can  increase  the  permeability  of 
the  BBB  to  certain  substances  of  large  molecular  weight.  However, 
others  were  unable  to  confirm  such  effects. 

Rodzilsky  and  Olszewski  (1957)  found  that  permeability  changes  in 
cerebral  blood  vessels  could  be  induced  by  various  non-RFR  means, 
including  those  that  produce  heat  necrosis. 

Frey  et  al.  (1975),  in  an  endeavor  towards  defining  the  relationship 
between  neural  function  and  behavior,  performed  two  experiments.  In 
one,  they  studied  the  extent  to  which  rats  avoided  exposure,  in  half  of 
a  shuttle  box,  to  1.2-GHz  pulsed  and  CW  RFR  at  the  levels  indicated 
below.  The  results  of  this  behavioral  experiment  are  discussed  in 
Section  3.7.  In  the  other  experiment,  they  studied  the  effects  of  RFR 
exposure  on  the  BBB.  Ninety  anesthetized  male  Sprague-Dawley  rats  in 
groups  of  6  were  exposed  for  30  min  to  far-field  1.2-GHz  pulsed  RFR 
(0.5-ms  pulses,  1000  pps)  with  heads  toward  the  source  at  an  average 
power  density  of  0.2  mW/sq  cm  or  CW  RFR  at  2.4  mW/sq  cm.  For  a  prolate- 
spheroidal  model  of  a  medium  rat  in  the  K-polarizat ion  (Durney  et  al., 
1978,  p.  95),  the  corresponding  SARs  are  estimated  to  have  been  about 
0.04  and  0.5  W/kg.  Sham-exposed  rats  served  as  controls.  The  tracer 
sodium  fluorescein  was  injected  into  the  femoral  vein  after  exposure  or 
sham  exposure,  and  5  min  afterward,  the  rat  was  exsanguinated  and  the 
brain  was  removed,  embedded  in  gelatin,  refrigerated,  and  sectioned. 

The  sections  were  viewed  under  ultraviolet  light  for  fluorescence,  the 
intensity  of  which  was  scored  visually  on  a  scale  of  0  to  3  without 


scorer  knowledge  about  prior  treatment. 


Greater  fluorescence  was  reported  for  the  pulsed  RFR  (0.04  W/kg)  than 
for  the  CW  RFR  (0.5  W/kg),  but  some  control  specimens  also  exhibited 
slight  fluorescence.  The  authors  regarded  these  results  as  evidence 
that  exposure  to  RFR  altered  the  BBB.  However,  the  numbers  of  sections 
scored  and  the  deviations  from  the  means  were  not  given,  rendering  it 
impossible  to  evaluate  the  statistical  treatment  of  the  data.  Moreover, 
the  use  of  a  subjective  scoring  technique  can  be  questioned,  as  well  as 
the  possibility  of  artifact  because  of  the  presence  of  fluorescein  in 
some  sham-exposed  specimens. 

Oscar  and  Hawkins  (1977)  exposed  anesthetized  rats  for  20  min  to  1.3- 
GHz  RFR  pulses  (0.5  to  20  microseconds,  1000  to  5  pps)  with  heads  toward 
the  source  at  average  power  densities  in  the  range  0.03-2  mW/sq  cm 
(0.006-0.4  W/kg,  Durney  et  al . ,  1978,  p.  95)  or  to  CW  RFR  at  0.3-3  mW/sq 
cm  (0.06-0.6  W/kg).  Controls  were  sham-exposed.  Changes  in  permeabili¬ 
ty  of  the  BBB  to  the  C-14-labeled  test  substances  D-mannitol  (molecular 
weight  182.2  daltons),  inulin  (5000-5500  daltons),  and  dextran  (60,000- 
75,000  daltons)  were  determined  by  the  Oldendorf  (1970,  1971)  dual  tra¬ 
cer  technique:  Following  exposure,  0.2  ml  of  a  mixture  of  the  C-14 
labeled  test  substance  and  tritiated  water  was  injected  rapidly  into  the 
rat's  carotid  artery  as  a  bolus,  the  rat  was  decapitated  15  seconds 
later,  each  brain  section  was  solubilized,  liquid  scintillation  mixture 
was  added,  and  the  C-14  and  H-3  radioactivities  were  assayed  by  liquid 
scintillation  counting.  The  ratio  of  counts  of  C-14  to  H-3  in  samples 
of  each  brain  region  was  normalized  to  a  similar  ratio  for  the  injected 
solution.  This  normalized  ratio  (percentage)  was  defined  as  the  brain 
uptake  index  (BUI),  representing  the  relative  amount  of  test  substance 
lost  to  the  brain  in  a  single  passage  of  the  mixture  through  the  brain's 
microcirculation . 

For  mannitol,  the  largest  statistically  significant  changes  in  uptake 
occurred  in  the  medulla,  followed  by  the  cerebellum  and  hypothalamus. 

In  the  medulla,  the  curve  of  mannitol  uptake  vs  average  power  density 
was  an  inverted  U  for  both  pulsed  and  CW  RFR.  The  maximum  BUI  for  CW 
was  about  9%  (vs  about  3.5%  for  the  controls),  at  about  1  mW/sq  cm  (0.2 
W/kg).  For  0.5-microsecond  pulses,  1000  pps,  the  maximum  BUI  was  only 
about  7.5%,  at  about  0.4  mW/sq  cm  (0.08  W/kg);  higher  and  lower  power 
densities  in  each  case  yielded  lower  BUIs.  For  10-microsecond  pulses,  5 
pps,  BUIs  of  about  7%  and  10%  were  obtained  at  only  about  0.03  and  0.06 
mW/sq  cm  (0.006  and  0.012  W/kg),  respectively.  Also  indicated  by  these 
results  was  the  possible  existence  of  a  power-density  "window"  within 
which  BBB  permeability  is  altered,  but  is  not  for  power  densities  above 
or  below  the  window.  Similar  results  in  the  medulla  were  obtained  for 
inulin,  but  the  permeability  changes  for  dextran  were  negligible. 

To  determine  the  duration  of  BBB  permeability  increases  and  recovery 
therefrom,  Oscar  and  Hawkins  (1977)  similarly  RFR-  or  sham-exposed  un¬ 
anesthetized  rats.  The  rats  were  then  anesthetized  and  injected  with 
the  mannitol  mixture.  Groups  were  euthanized  at  8  min,  4  hr,  or  24  hr 
after  treatment  and  assayed  for  BUI.  The  results  for  the  8-min  and  4-hr 
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groups  were  almost  the  same;  both  yielded  statistically  significant  per¬ 
meability  increases  over  controls,  with  the  largest  changes  again  in  the 
medulla.  For  the  24-hr  groups,  however,  mannitol  uptake  did  not  differ 
significantly  from  controls  in  any  brain  region  except  for  the  medulla, 
in  which  the  BUI  was  about  5.2%  for  the  RFR  group  vs  3.8%  for  the 
controls,  a  significant  increase. 

The  validity  of  these  findings  of  RFR-induced  BBB  alterations  by  Oscar 
and  Hawkins  (1977)  have  been  questioned  on  several  grounds.  In  doubt 
are  the  assumptions  underlying  the  Oldendorf  (1970,  1971)  methodology 
that  tritiated  water  freely  diffuses  between  the  brain  and  its  vascular 
system  and  that  variations  of  cerebral  blood  flow  (CBF)  do  not  affect 
BUI  values  significantly.  Moreover,  injection  of  the  dual-radiotracer 
mixture  into  a  carotid  rapidly  as  a  bolus  appears  to  be  a  prime  source 
of  artifact  because  of  the  high  hydrostatic  pressure  produced. 

Merritt  et  al .  (1978)  endeavored  to  replicate  the  studies  of  Frey  et 
al.  (1975)  and  Oscar  and  Hawkins  (1977).  They  exposed  rats  for  30  min 
to  1.2-GHz  pulsed  RFR  at  peak  power  densities  in  the  range  from  2  to  75 
mW/sq  cm  and  0.5  duty  cycle,  corresponding  to  average  power  densities  of 
1  to  38  mW/sq  cm  (0.2  to  7.6  W/kg,  Durney  et  al.,  1978,  p.  95),  or  for 
35  min  to  1.3-GHz  pulsed  or  CW  RFR  at  average  power  densities  in  the 
range  from  0.1  to  20  mW/sq  cm  (0.02  to  4  W/kg).  They  examined  brain 
slices  under  ultraviolet  light  for  transfer  of  fluorescein  and  under 
white  light  for  transfer  of  Evans  Blue  dye  (a  visual  tracer)  across  the 
BBB,  and  chemically  analyzed  various  brain  regions  for  their  fluorescein 
content.  They  also  measured  the  brain  uptake  of  C-14-labeled  D-mannitol 
and  determined  the  BUIs.  To  validate  these  detection  methods,  they  used 
hypertonic  urea,  known  to  alter  the  BBB,  as  an  alternative  agent  to  RFR. 
In  addition,  they  heated  rats  for  30  min  during  sham-exposure  in  a  43- 
deg-C  oven  to  appproximate  the  hyperthermia  obtained  at  38  mW/sq  cm. 

In  their  examination  of  brain  slices,  Merritt  et  al.  (1978)  found  no 
evidence  of  fluorescein  or  Evans  Blue  dye  transfer  across  the  BBB  of 
RFR-exposed  rats,  whereas  penetration  of  the  BBB  was  apparent  for  rats 
treated  with  urea  instead  of  RFR.  The  analyses  of  fluorescein  content 
corroborated  these  findings.  However,  fluorescein  uptake  was  higher  for 
the  sham-exposed  rats  that  were  heated  in  the  oven,  an  indication  that 
hyperthermia  of  the  brain  is  necessary  to  alter  BBB  permeability.  In 
the  C-14-mannitol  study  of  the  various  brain  regions,  there  were  no 
significant  differences  in  BUI  between  RFR-  and  sham-exposed  rats,  but 
BUI  changes  were  evident  for  rats  treated  with  urea.  Also,  the  results 
(with  1.3-GHz  CW  RFR)  showed  no  evidence  of  the  power-density  window 
reported  by  Oscar  and  Hawkins  (1977). 

The  use  of  urea  as  a  positive  control  (alternative  agent  to  RFR) 
offers  considerable  weight  to  the  negative  findings  by  Merritt  et  al. 
(1978)  on  changes  of  BBB  permeability  by  RFR  in  the  absence  of  hyper¬ 
thermia,  especially  the  results  of  their  chemical  analyses  of  brain  re¬ 
gions  for  fluorescein  content.  However,  the  basic  uncertainties  noted 
previously,  whether  significant  artifacts  were  introduced  by  the  kinds 
of  biological  techniques  used,  remain.  Also,  the  effects  on  the  overall 


findings  of  the  use  of  anesthesia  in  many  animal  experiments  are  diffi¬ 
cult  to  ascertain.  One  well  known  consequence  of  anesthetizing  rats  is 
the  induction  of  hypothermia,  which  could  yield  results  that  are  differ¬ 
ent  than  those  with  thermonormic  animals. 

Preston  et  al.  (1979)  used  C-14-labeled  D-mannitol  in  a  method  similar 
to  that  of  Oscar  and  Hawkins  (1977),  but  with  2.45-GHz  CW  RFR  instead  of 
1.3-GHz  pulsed  or  CW  RFR.  In  series  1,  one  anesthetized  rat  per  day  for 
8  days  was  exposed  (with  head  toward  source)  for  30  min  at  0  (sham), 

0.1,  0.5,  1,  5,  or  10  mW/sq  cm  (0,  0.02,  0.1,  0.2,  1,  or  2  W/kg,  Durney 
et  al . ,  1978,  p.  95),  totaling  48  rats.  In  series  2,  one  anesthetized 
rat  per  day  for  6  days  was  exposed  for  30  min  at  0,  0.3,  1,  3,  10,  or  30 
mW/sq  cm  (0.06,  0.2,  0.6,  2,  or  6  W/kg),  totaling  36  rats. 

Rectal  temperatures  measured  before  and  after  the  30-min  exposures 
showed  mean  decreases  ranging  from  0.74  to  1.36  deg  C  for  all  groups 
except  those  exposed  at  10  or  30  mW/sq  cm;  the  mean  temperature  change 
was  less  than  0.1  deg  C  for  the  two  10-mW/sq-cm  (2-W/kg)  groups,  and  the 
30-mW/sq-cm  (6-W/kg)  rats  exhibited  a  mean  increase  of  1.5  deg  C. 

The  results  for  both  series  showed  nonsignificant  differences  (p>0.05, 
Student's  t-test)  between  RFR-  and  sham-exposed  rats  in  BUIs  for  each 
brain  region.  The  mean  BUIs  for  the  cerebral  cortex  and  diencephalon 
were  about  221  irrespective  of  treatment.  Those  for  the  cerebellum  and 
medulla  were  much  higher  and  there  was  much  more  variability,  related  to 
the  observation  that  both  regions  contained  more  C-14  and  less  H-3  than 
diencephalon  or  cortex. 

Preston  et  al .  (1979)  also  performed  preliminary  experiments  to  show 
that  visible  staining  of  the  brain  occurred  with  intravenous  injection 
of  Evans  Blue  dye  as  an  indicator  of  disruption  of  the  BBB  by  hypertonic 
solutions  of  propylene  glycol.  They  then  tested  the  BUI  methodology  by 
injecting  601  propylene  glycol  into  the  left  common  carotid  (in  lieu  of 
RFR  exposure),  followed  2  rain  later  by  the  C-14  mannitol/H-3  water  in- 
jectate.  For  controls,  saline  was  injected  instead  of  propylene  glycol. 
The  results  showed  that  propylene  glycol  greatly  increased  the  mannitol 
BUIs  (relative  to  saline);  the  highest  BUIs  were  for  the  cortex  and 
diencephalon . 

Another  experiment  was  performed  to  determine  whether  H-3  water  in¬ 
jected  intravenously  would  be  distributed  evenly  in  brain  tissue  or  in 
the  pattern  obtained  from  intracarotid  injection,  i.e.,  highest  uptake 
in  the  cerebrum  and  lowest  uptake  in  the  medulla.  Rats  were  injected 
with  1  ml  of  0.9X  saline  containing  10  raicrocuries  of  H-3  water.  The 
rats  were  decapitated  1.5  rain  later  and  the  concentrations  of  H-3  in  the 
four  brain  regions  were  assayed.  The  highest  and  lowest  concentrations 
were  respectively  in  the  diencephalon  and  cortex  but  none  of  the  differ¬ 
ences  was  significant.  Thus,  the  lower  H-3  concentrations  found  in 
cerebellum  and  medulla  of  rats  injected  via  the  common  carotid  were 
likely  related  to  blood  flow  distribution,  which  led  Preston  et  al. 
(1979)  to  believe  that  RFR-induced  changes  in  CBF  confounded  the  BBB 
results  of  earlier  studies. 


Rapoport  et  al.  (1979)  developed  a  method  for  measuring  cerebrovas¬ 
cular  permeability  to  C-14-labeled  sucrose  to  obtain  results  independent 
of  CBF  rate.  After  anesthetizing  each  rat,  catheters  were  inserted  in  a 
femoral  vein  and  artery,  C-14-labeled  sucrose  (5  microCuries)  was  in¬ 
jected  intravenously,  and  arterial-blood  samples  were  collected  periodi¬ 
cally  during  the  next  10  min.  The  rat  was  then  decapitated  and  the 
brain  was  dissected  into  the  various  regions.  Liquid  scintillation 
counting  was  used  to  determine  the  sucrose  concentrations  in  the  timed 
samples  of  whole  blood  and  the  plasma  derived  therefrom,  and  in  each 
specific  brain  region. 

Based  on  the  assumptions  that  intravascular  tracer  diffuses  into  brain 
in  proportion  to  the  plasma  concentration  (C-plasma)  at  any  sampling 
time  and  that  back  diffusion  from  brain  is  negligible  during  the  10-min 
sampling  interval,  the  rate  of  tracer  entry  into  any  specific  brain 
region  at  any  sampling  time  is  given  by  the  product  of  C-plasma  at  that 
sampling  time  and  FA,  where  P  is  the  cerebrovascular  permeability  of 
that  region  and  A  is  the  capillary  surface  area  of  that  region,  neither 
of  which  is  known  separately.  However,  FA  is  given  by  the  ratio  of  the 
measured  tracer  concentration  in  that  brain  region  to  the  time-integral 
(obtained  graphically)  of  the  C-plasma  values  over  the  10-min  interval 
and  is  independent  of  cerebral  blood  flow  rate.  Regional  blood  volumes 
were  determined  in  separate  experiments,  in  which  rats  were  euthanired  2 
min  and  40  min  after  tracer  injection  and  similarly  assayed. 

To  establish  whether  the  method  was  useful  for  quantifying  changes  in 
BBB  permeability,  Rapoport  et  al .  (1979),  using  intravenous  Evans  Blue 
as  a  visual  tracer,  osmotically  opened  the  BBB  of  the  rat  by  injecting 
hypertonic  arabinose  in  a  retrograde  direction  into  the  right  external 
carotid  artery  for  30  seconds  at  a  rate  of  0.12  ml/s,  intravenously 
injected  C-14-labeled  sucrose  5  min  later,  and  treated  the  rat  as 
described  above.  The  results  showed  that  the  method  is  about  100  times 
more  sensitive  than  dual-radiotracer  techniques  such  as  the  BUI  method. 

Preston  and  Prefontaine  (1980)  used  the  method  of  Rapoport  et  al. 
(1979)  to  determine  whether  whole-body  exposure  of  rats  for  30  min  to 
2.45-GHz  CW  RFR  with  heads  toward  the  source  at  1  or  10  mW/sq  cm  (0.1  or 
1  V/kg)  alters  BBB  permeability  to  sucrose.  They  also  used  a  specially 
designed  applicator  to  expose  only  the  head  of  the  rat  to  the  RFR  for  25 
min  at  estimated  local  SARs  of  0.08,  0.3,  or  1.6  W/kg.  These  authors 
obtained  PA  values  for  the  rats  exposed  (whole-body  or  head  only)  to  the 
RFR  that  were  not  significantly  higher  than  for  the  sham-exposed  rats, 
whereas  the  PA  values  for  rats  treated  with  arabinose  were  much  higher. 

Oscar  et  al .  (1981),  realizing  the  inadequacies  of  the  BUI  technique, 
also  used  another  technique.  They  sham-exposed  previously  venous- 
catheterized  but  conscious  rats  for  5,  30,  or  60  rain,  or  exposed  rats 
for  5,  15,  30,  45,  or  60  min  to  2.8-GHz  RFR  pulses  (2  microseconds,  500 
pps)  at  an  average  power  density  of  1  or  15  raW/sq  cm  (0.2  or  3  W/kg). 
Within  5  min  after  sham-  or  RFR  exposure,  they  infused  the  rats  with 
isotonic  saline  containing  C-14-labeled  iodoant ipyrine  through  the 
catheter.  They  decapitated  the  rats  50  seconds  after  start  of  infusion, 
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excised  the  brain  regions,  and  assayed  each  region  for  radioactivity, 
from  which  they  calculated  the  local  CBF  (LCBF)  by  use  of  the  Kety 
(1960)  equation. 

The  results  for  the  rats  exposed  at  either  power  density  showed  LCBF 
increases  of  10  to  144X  in  16  of  the  20  brain  regions  sampled.  The 
largest  statistically  significant  increases  occurred  in  the  pineal, 
hypothalamus,  and  temporal  cortex  of  the  rats  exposed  at  1  mW/sq  cm  (0.2 
W/kg)  and  in  the  pineal,  temporal  cortex,  inferior  colliculus,  and 
medial  geniculate  of  the  rats  exposed  at  15  mW/sq  cm  (3  W/kg).  Because 
of  these  findings,  the  authors  indicated  that  their  previously  reported 
BUIs  (Oscar  and  Hawkins,  1977)  may  have  been  overly  high.  However,  the 
C-14-iodoantipyrine  results  clearly  demonstrated  an  alteration  of  brain 
activity  at  15  mW/sq  cm  (3  W/kg). 

In  a  subsequent  study,  Gruenau  et  al.  (1982)  used  the  method  of 
Rapoport  et  al.  (1979)  to  determine  PA  values  for  C-14-labeled  sucrose 
in  rats  exposed  for  30  rain  to  2.8-GHz  pulsed  RFR  (2-microsecond  pulses, 
500  pps)  at  0,  1,  5,  10,  or  15  mW/sq  cm  (0,  0.2,  1,  2,  or  3  W/kg)  or  to 
CW  RFR  at  0,  10,  or  40  mW/sq  cm  (0,  2,  or  8  W/kg).  They  found  no  signi¬ 
ficant  alterations  of  PA  in  11  separate  brain  regions  from  exposure  to 
the  RFR  (pulsed  or  CW)  at  any  of  the  levels  used. 

In  a  study  by  Ward  et  al.  (1982),  both  the  left  and  right  femoral  vein 
of  the  anesthetized  rat  were  surgically  exposed  and  a  mixture  of  H-3 
inulin  and  C-14  sucrose  was  injected  into  the  right  femoral  vein.  Five 
min  later,  a  0.4-ml  blood  sample  was  drawn  from  the  left  femoral  vein. 
After  another  5  min,  each  rat  was  exposed  for  30  min  at  0,  10,  20,  or  30 
mW/sq  cm  (0,  2,  4,  or  6  W/kg)  at  an  ambient  temperature  of  22  deg  C  or 
was  subjected  for  30  min  to  an  environment  at  an  ambient  temperature  of 
22,  30,  or  40  deg  C.  Rectal  temperature  was  measured  just  before  and 
after  either  30-rain  treatment.  Mean  changes  in  rectal  temperature  were 
found  to  be  linear  with  environmental  temperature  or  power  density,  with 
a  slope  for  the  latter  of  0.09  deg  C  per  mW/sq  cm. 

Ten  min  after  such  treatment,  (i.e.,  50  min  after  tracer  injection), 
another  0.4-ml  blood  sample  was  drawn  by  cardiac  puncture.  The  blood 
samples  were  processed  for  liquid  scintillation  counting  and  the  H-3  and 
C-14  activities  were  determined.  The  serum  levels  of  each  tracer  at  0, 
5,  and  50  min  were  connected  graphically  with  linear  segments  and  the 
area  under  each  resulting  plot  was  used  as  an  approximation  to  the 
integral,  I,  of  the  serum  concentration  over  the  50-min  period. 

Eight  rats  were  used  for  each  treatment.  Following  cardiac  puncture, 
the  brain  was  perfused  with  saline  for  10  min  and  removed,  and  eight 
samples  each  of  cortex,  hypothalamus,  cerebellum,  hippocampus,  striatum, 
medulla,  and  midbrain  were  processed  for  H-3  and  C-14  counting,  yielding 
Tb,  the  amount  of  each  tracer  in  each  brain  region  at  50  min.  Tracer 
permeations  were  expressed  as  blood-to-brain  transfer  constants,  Ki, 
defined  as  the  ratio  Tb/I.  The  Ki  values  of  each  tracer  in  each  brain 
region  were  treated  by  regression  analysis  for  a  total  of  16  analyses. 
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The  results  for  the  RFR-exposed  and  environmentally  treated  rats  were 
analyzed  by  two  methods.  First,  regression  analysis  was  used  on  the 
data  for  each  tracer  in  each  region  for  a  total  of  16  analyses.  To 
avoid  false-positive  statistical  significance  from  numerous  analyses, 
Bonferroni's  Inequality  was  applied;  the  p<0.1  for  significance  at  the 
5%  level  in  a  one-sided  test  was  divided  by  16,  yielding  p«0.006  as  the 
level  for  significance.  By  this  conservative  test,  no  statistically 
significant  increase  in  permeation  was  found  for  either  tracer  in  any 
brain  region  of  rats  exposed  to  the  RFR.  For  the  environmentally 
treated  rats,  the  only  significant  permeability  increase  was  of  sucrose 
in  the  hypothalamus  of  those  heated  at  40  deg  C,  possibly  due  to  core¬ 
temperature  elevation. 

Second,  a  profile  analysis  was  used  to  test  for  a  general  change  in 
tracer  uptake  across  all  brain  regions.  Using  this  statistical  method 
on  the  data  for  the  RFR-exposed  rats  yielded  a  significant  increase  in 
permeation  for  sucrose  but  not  for  inulin.  A  factor  was  then  derived 
from  the  environmentally  treated  rats  to  correct  for  the  increase  in 
permeation  of  the  brain  associated  with  change  in  body  temperature. 

When  this  correction  factor  was  applied  to  account  for  the  thermally- 
induced  permeability  changes  to  sucrose  by  the  RFR,  no  significant 
increase  in  permeation  due  to  direct  (nonthermal)  action  of  the  RFR  on 
the  brain  was  obtained. 

For  positive  controls,  9  other  rats  were  injected  with  hypertonic  urea 
as  a  bolus  into  a  common  carotid  artery,  in  lieu  of  RFR  exposure,  and 
comparisons  were  made  of  inulin  permeation  between  ipsilateral  and 
contralateral  samples  of  each  brain  region.  Because  only  one  tracer  was 
used  in  these  rats,  the  level  for  significance  was  p-  0.1/8  -0.013. 
Significant  increases  of  inulin  permeation  were  obtained  in  the  cortex, 
striatum,  hypothalamus,  and  hippocampus  of  this  group  of  rats,  thus 
indicating  that  the  method  could  detect  increases  in  BBB  permeation. 

In  the  most  recent  (to  date)  endeavor  to  reproduce  the  results  of 
Oscar  and  Hawkins  (1977),  Ward  and  Ali  (1985)  used  exposure  parameters 
similar  to  those  of  Oscar  and  Hawkins  (1977),  i.e.,  30-rain  exposures  to 
1.7-GHz  CW  and  pulsed  RFR  (0.5  microsecond  pulses  at  1000  pps).  How¬ 
ever,  only  the  head  of  the  rat  was  exposed,  through  a  hole  in  the  broad 
wall  of  a  properly  matched  section  of  WR-430  waveguide,  into  which  air 
at  28  deg  C  was  pumped  to  prevent  accumulation  of  carbon  dioxide.  The 
mean  SAR,  determined  in  a  saline  model  of  the  head  by  both  calorimetry 
and  RFR-  energy-absorption  rate,  was  selected  (by  adjusting  the  forward 
power)  to  be  0.1  W/kg,  at  which  Oscar  and  Hawkins  (1977)  reported  maxi¬ 
mal  changes  in  permeability.  In  addition,  the  rat-processing  methodology 
of  Ward  et  al.  (1982),  discussed  above,  was  used.  No  significant 
differences  between  RFR-  and  sham-exposed  rats  in  uptake  of  either 
tracer  were  found  in  any  of  the  eight  brain  regions. 

Horseradish  peroxidase  (HRP),  a  high-molecular-weight  protein,  has 
been  used  frequently  as  a  tracer  that  is  detectable  both  morphologically 
and  quantitatively.  Normally,  peroxidase  is  excluded  from  brain 
parenchyma  except  in  the  region  of  the  choroid  plexus  and  the  median 
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Albert  (1977)  sham-exposed  or  exposed  unanesthetized  Chinese  hamsters 
for  2  or  8  hr  to  2.45-GHz  CW  RFR  at  10  mW/sq  cm  (SAR  not  determined  in 
this  study  but  subsequently  estimated  to  be  2.5  W/kg),  after  which  the 
animals  were  anesthetized,  injected  with  HRP,  and  euthanized.  Slices  of 
various  brain  regions  were  prepared  appropriately  and  scored  visually  by 
light  microscopy  for  peroxidase  leakage,  which  yields  a  dark-brown 
reaction  product,  and  by  electron  microscopy.  The  author  reported  that 
the  RFR  exposure  produced  leakages  of  peroxidase  in  the  microvasculature 
that  were  not  confined  to  any  particular  brain  region  and  that  in  con¬ 
trol  animals,  extravascular  reaction  product  was  found  only  in  brain 
regions  normally  lacking  a  BBB.  The  author  also  noted  that  some  blood 
vessels  from  sham-exposed  (as  well  as  RFR-exposed)  animals  exhibited 
weak  leakages,  which  he  tentatively  ascribed  to  the  presence  of  endo¬ 
genous  peroxidase. 

In  a  later  study,  Albert  (1979)  exposed  52  animals  (34  Chinese  ham¬ 
sters  and  18  rats)  to  2.8-GHz  RFR  for  2  hr  at  10  mW/sq  cm  (2  W/kg  for 
the  rat,  Durney  et  al.,  1978,  p.  95;  about  2.5  W/kg  for  the  hamster). 

Of  these,  30  were  euthanized  immediately,  11  at  1  hr  after  exposure,  and 
11  at  2  hr  after  exposure.  Twenty  animals  (12  hamsters  and  8  rats)  were 
sham-exposed.  Leakage  of  HRP  was  scored  by  two  independent  individuals 
on  a  5-point  scale. 

Leakage  of  HRP  in  some  brain  regions  was  reported  for  17  of  the  30 
animals  euthanized  immediately  after  RFR  exposure  and  for  4  of  the  20 
sham-exposed  animals.  Fewer  areas  of  increased  BBB  permeability  were 
evident  for  animals  euthanized  1  hr  after  RFR  exposure,  and  except  for 
one  rat,  virtually  no  leakage  of  HRP  was  seen  for  the  animals  euthanized 
2  hr  after  RFR  exposure.  Albert  also  reported  preliminary  results  with 
hamsters  indicating  that  when  HRP  was  injected  after  RFR  exposure,  some 
reaction  product  was  seen  in  the  extracapillary  spaces  of  the  iris,  and 
that  the  cytoplasm  of  endothelial  cells  of  the  iris  capillaries  were 
filled  with  pinocytotic  vesicles  containing  HRP. 

The  brain  results  indicated  that  increased  BBB  permeability  due  to  RFR 
exposure  at  levels  insufficient  to  denature  brain  tissue  is  a  reversible 
effect.  (Albert  suggested  that  such  changes  in  the  BBB  may  be  subacute 
clinically  and  would  probably  cause  no  lasting  ill  effects.)  However, 
the  increased  BBB  permeability  seen  in  4  of  the  20  sham-exposed  animals 
may  indicate  that  factors  other  than  RFR  in  the  experimental  procedure 
could  have  yielded  the  positive  results.  Moreover,  no  positive-control 
(BBB-altering )  agent  was  used  in  these  studies  for  comparative  purposes. 
Also,  as  noted  previously  by  Albert  (1977)  and  in  this  study,  a  possible 
confounding  point  in  the  use  of  injected  HRP  as  a  tracer  may  be  the 
presence  of  endogenous  peroxidase,  the  detection  of  which  could  yield 
false-positive  results. 

Albert  and  Kerns  (1981)  exposed  51  Chinese  hamsters  to  2.45-GHz  CW  RFR 
for  2  hr  at  10  mW/sq  cm  (2.5  W/kg).  Thirty-nine  of  these  were  injected 
immediately  with  HRP  and  euthanized,  and  6  each  of  the  remaining  12  were 


allowed  to  recover  from  exposure  for  1  and  2  hr,  respectively,  before 
HRP  injection  and  subsequent  fixation.  Equal  numbers  of  hamsters  were 
sham-exposed . 

Gross  observations  of  brain  slices  from  the  first  group  indicated  the 
presence  of  reaction  product  in  normally  leaky  areas  of  the  posterior 
pituitary,  median  eminence,  pineal  gland,  area  postrema,  choroid  plexus, 
and  the  subfornical  organ  of  both  RFR-  and  sham-exposed  animals.  Also, 
randomly  distributed  lesions  in  other  brain  regions  were  found  in  about 
a  third  of  the  RFR-exposed  animals,  not  only  in  the  pons,  cerebellum, 
thalamus,  and  areas  around  the  fourth  ventricle,  but  also  in  the  hypo¬ 
thalamus,  hippocampus,  and  cerebral  cortex.  Some  of  the  sham-exposed 
animals  also  displayed  a  few  random  lesion  areas,  with  a  slight  propen¬ 
sity  for  the  thalamus.  In  the  1-hr-recovery  groups,  only  2  RFR-exposed 
animals  and  1  sham-exposed  animal  showed  evidence  of  lesions  in  the 
brain  stem  and  cerebellum.  No  gross  lesions  were  evident  in  the  2-hr- 
recovery  groups. 

Examination  of  lesion  areas  by  1 ight -microscopy  showed  that  capil¬ 
laries,  venules,  and  some  arterioles  were  often  surrounded  by  reaction 
product.  Leaky  blood  vessels  were  found  to  contain  reaction  product  in 
the  region  of  the  basal  lamina,  around  the  pericytes  or  the  smooth 
muscle  of  the  microvasculature,  and  around  nerve  cell  bodies.  The 
concentration  of  reaction  product  was  greatest  in  vascular  walls  and 
diminished  with  distance  into  the  parenchyma. 

By  electron-microscopy,  leaky  vessels  from  RFR-exposed  animals  showed 
that  reaction  product  was  present  in  vesicular  structures  of  endothelial 
cells,  basal  lamina,  and  surrounding  pericytes.  Tight  junctions  between 
endothelial  cells  appeared  intact  in  all  vessels  examined,  and  complete 
transendothel ial  channels  were  not  seen.  However,  endothelial  cells  of 
RFR-exposed  animals  appeared  to  have  more  pinocytotic  vesicles  with  HRP 
than  cells  of  sham-exposed  animals  (by  a  factor  of  2-3),  leading  these 
investigators  to  suggest  •'hat  the  latter  is  the  most  likely  transport 
mechanism  across  the  RFR-d isrupted  BBB. 

This  study  appears  to  be  an  extension  of  the  one  by  Albert  (1979),  in 
which  Chinese  hamsters  and  rats  were  exposed  to  2.8-GHz  RFR  at  10  mW/sq 
cm  for  2  hr  and  given  the  same  postexposure  treatments  and  morphological 
examinations.  The  findings  of  RFR-induced  BBB  disruptions  and  their 
reversibility  in  the  later  study  lend  greater  credence  to  the  previous 
findings  with  Chinese  hamsters.  However,  increased  BBB  permeability  in 
sham-exposed  animals  was  found  again,  an  indication  that  non-RFR  factors 
may  have  contributed  to  the  positive  results  (such  as  the  presence  of 
endogenous  peroxidase).  On  the  other  hand,  Sutton  and  Carroll  (1979), 
as  discussed  below,  did  not  find  endogenous  peroxidase  in  their  control 
animals,  but  their  experimental  species  (rat),  exposure  regimen,  and  HRP 
methodology  were  vastly  different. 

Sutton  and  Carroll  (1979),  with  a  view  toward  use  of  RFR  for  selective 
hyperthermic  treatment  of  brain  tumors,  experimentally  determined  the 
maximum  temperatures  and  exposure  durations  that  would  not  alter  the 


integrity  of  the  rat  BBB.  They  exposed  the  heads  of  normothermic  rats 
(37  deg  C)  to  2.45-GHz  CW  RFR  with  a  diathermy  unit.  A  forward  power  of 
80  W  (power  density  or  SAR  not  determined)  was  applied  until  the  brain 
attained  a  temperature  of  40,  42,  or  45  deg  C  (measured  by  thermocouple 
inserted  through  the  skull  into  the  right  cerebral  hemisphere,  with  the 
leads  perpendicular  to  the  E-vector).  At  this  time,  they  reduced  the 
power  to  maintain  that  temperature  for  various  durations. 

For  some  normothermic  rats,  brain  temperature  was  held  at  40,  42,  or 
45  deg  C  for  10,  15,  or  30  min.  For  others,  brain  temperature  was  held 
at  40  deg  C  for  45,  60,  90,  or  120  min.  Following  exposure,  the  rats 
were  euthanized  by  intracardial  perfusion  of  polyvinylpyrrolidone  (PVP) 
at  mean  arterial  pressure  for  2-5  min  to  clear  the  vascular  tree  of 
blood  and  peroxidase,  and  the  brains  were  removed  for  assay.  Control 
rats  were  euthanized  for  assay  after  10,  15,  30,  or  120  min  of  sham- 
exposure  . 

The  authors  also  similarly  exposed  hypothermic  rats  (30  deg  C)  and 
held  their  brain  temperature  at  40,  42,  or  45  deg  C  for  15,  30,  or  45 
min;  42  or  45  deg  C  for  10  min;  40  deg  C  for  60,  90,  120,  or  180  min;  or 
45  deg  C  for  90  min.  Control  rats,  with  brain  and  body  core  both 
hypothermic,  were  euthanized  after  180  min. 

These  investigators  had  found  that  the  circulating  half-time  for  HRP 
was  about  22  min  in  mice,  so  they  injected  HRP  either  just  before 
exposure  into  the  rats  exposed  for  less  than  30  min,  or  30  min  before 
euthanizing  the  rats  exposed  for  longer  periods.  After  each  rat  was 
euthanized,  its  brain  was  removed,  peroxidase  activity  in  the  left 
cerebral  hemisphere  and  cerebellum  were  assayed  by  spectrophoto- 
fluorometry,  and  the  values  for  the  two  regions  were  combined.  (The 
right  hemisphere  was  excluded  from  the  assay  because  of  the  mild  injury 
it  sustained  from  insertion  of  the  thermocouple.) 

The  results  for  normothermic  rats  showed  no  significant  peroxidase 
activity  in  brains  heated  to  40  deg  C  for  10,  15,  or  30  min,  or  to  42 
deg  C  for  10  rain.  However,  progressively  higher  activities  were  found 
in  brains  heated  to  40  deg  C  for  60,  90,  or  120  min.  This  was  also  true 
for  brains  heated  to  42  deg  for  15  or  30  min  and  for  brains  heated  to  45 
deg  for  10,  15,  or  30  min.  By  contrast,  significant  peroxidase  activity 
was  absent  in  brains  of  hypothermic  rats  heated  to  40  deg  C  for  60,  9C, 
or  120  min,  indicating  that  the  hypothermia  was  protective  of  the  BBB. 
This  was  true  to  a  lesser  extent  for  hypothermia  against  42  deg  C;  no 
significant  activity  was  obtained  for  10-  or  15-min  exposures,  but  the 
mean  activities  in  hypothermic  and  normothermic  rats  exposed  for  30  min 
were  comparable.  Hypothermia  provided  little  BBB  protection  at  45  deg  C 
for  exposures  of  15  min  or  longer.  However,  most  normothermic  rats  were 
moribund  after  30  to  60  min,  whereas  hypothermic  rats  readily  survived 
for  3  hr. 

As  noted  previously,  Albert  (1977,  1979)  had  suggested  that  endogenous 
peroxidase  may  confound  results  obtained  with  injected  HRP.  However, 
Sutton  and  Carroll  (1979)  found  no  endogenous  peroxidase  activity  in 
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control  rats  perfused  intracardially  with  PVP. 


By  using  a  small  dielectrically  loaded  coaxial  applicator,  Lin  and  Lin 
(1980,  1982)  were  able  to  expose  only  the  heads  of  anesthetized  adult 
male  Wistar  rats  to  pulsed  2.45-GHz  RFR  (10  microseconds,  500  pps).  The 
exposures  were  for  20  min  at  average  power  densities  of  0.5  to  3000 
mW/sq  cm.  The  distribution  of  RFR  energy  absorbed  within  the  head  was 
determined  by  thermographic  procedures,  and  average  SARs  were  found  to 
range  from  0.04  to  240  W/kg.  Following  RFR-  or  sham-exposure,  Evans 
Blue  dye  was  injected  into  a  catheterized  femoral  vein.  Five  min  later, 
the  animal  was  perfused  via  the  left  ventricle  with  normal  saline.  The 
brain  was  removed,  examined,  and  scored  for  degree  of  tissue  staining  by 
the  tracer.  For  average  power  densities  up  to  and  including  2.6  W/sq  cm 
(200  U/kg),  staining  was  not  significantly  different  between  exposed  and 
control  animals.  For  exposures  at  3  W/sq  cm  (240  W/kg),  extravasation 
of  Evans  Blue  dye  was  seen  in  the  cortex,  hippocampus,  and  midbrain. 

The  degree  of  staining  decreased  with  increasing  time  interval  between 
exposure  and  euthanasia,  indicating  that  the  effect  was  reversible. 

In  a  later  study  by  this  group,  Goldman  et  al.  (1984)  performed  simi¬ 
lar  exposures  to  2.45-GHz  pulsed  RFR  (10  microseconds,  500  pps)  directly 
to  the  left  side  of  the  head  of  the  rat  at  an  average  power  density  of  3 
W/sq  cm  (240  W/kg)  for  5,  10,  or  20  min  (yielding  brain  temperatures  up 
to  43  deg  C)  to  ascertain  the  time  course  of  BBB-permeabil ity  changes. 
Control  rats  were  sham-exposed  for  20  min.  Because  of  the  relatively 
low  permeability  of  the  tracer  Rb-86  in  regions  with  intact  BBB ,  they 
used  a  version  of  the  Sapirstein  (1958)  indicator-fractionation  method, 
which  permits  determining  both  regional  blood  flow  and  cardiac  output. 
After  RFR-  or  sham-exposure,  they  intravenously  injected  a  bolus  of  Rb- 
86-labeled  RbCl  in  isotonic  saline  and  collected  arterial  blood  for  15 
seconds  to  determine  cardiac  output.  They  then  euthanized  the  rat, 
removed  the  brain,  sectioned  the  exposed  half  into  13  parts,  and  assayed 
each  part  for  Rb-86. 

The  results  showed  that  within  5  min  of  RFR  exposure,  Rb-86  uptake  was 
increased  significantly  in  the  hypothalamus,  basal  ganglia,  midbrain, 
dorsal  hippocampus,  and  occipital  and  parietal  cortex  relative  to  the 
uptake  in  the  controls.  Significant  increases  in  other  regions,  such  as 
the  cerebellum  and  superior  colliculum,  occurred  only  after  20  min  of 
exposure.  Cardiac  outputs,  as  well  as  blood  pH  and  partial  pressures  of 
carbon  dioxide  and  oxygen,  were  relatively  unaffected  for  at  least  5  min 
of  exposure.  By  10  min,  however,  cardiac  output  had  significantly 
increased  and  hyperventilation  was  evident  from  elevated  blood  pH  and 
oxygen  partial  pressure  and  correspondingly  decreased  carbon-dioxide 
partial  pressure.  These  results  correlated  with  the  changes  in  brain 
temperature,  which  reached  43  deg  C  after  5  min  of  a  20-min  RFR  session 
and  subsequently  rose  more  slowly  as  thermoregulatory  and  heat-transfer 
processes  became  more  effective.  The  authors  noted  that  these  findings 
were  consonant  with  their  previous  ones  (Lin  and  Lin,  1980,  1982)  and 
with  those  of  Sutton  and  Carroll  (1979). 


Chang  et  al.  (1982)  used  a  technique  involving  I-131-labeled  albumin 
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to  investigate  alterations  of  the  BBB  in  dogs.  Prior  to  exposure,  each 
dog  was  anesthetized,  intubated,  and  placed  on  an  artificial  respirator. 
A  femoral  artery  and  vein  were  cannulated  and  a  19-gauge  spinal  needle 
was  inserted  into  the  cisterna  magna.  The  dog  was  then  injected  with  I- 
131-labeled  human  serum  albumin  via  the  femoral-vein  catheter.  The 
heads  of  dogs  were  sham-exposed  or  exposed  to  1.0-GHz  CW  RFR  at  2,  4, 

10,  30,  50,  or  200  mW/sq  cm  (SARs  not  determined).  After  RFR-  or  sham- 
exposure,  i-ml  samples  of  venous  blood  and  0.2-ml  samples  of  cerebro¬ 
spinal  fluid  (CSF)  were  taken  simultaneously  every  20  min  for  5  hr,  at 
the  end  of  which  the  dogs  were  in  "satisfactory  condition."  Aliquots  of 
CSF  and  blood-plasma  samples  were  assayed  for  radioactivity  by  gamma 
counter,  and  the  results  were  expressed  as  ratios  of  counts  per  min 
(CPM)  in  CSF  x  1000  to  CPM  in  plasma  as  a  measure  of  albumin  transfer 
across  the  BBB. 

No  significant  differences  in  the  CPM-CSF/CPM-plasma  ratio  were  found 
between  11  sham-exposed  dogs  and  2  dogs  each  exposed  at  2,  4,  10,  50,  or 
200  mW/sq  cm.  Two  dogs  were  also  exposed  at  30  mW/sq  cm.  One  of  these 
exhibited  increased  albumin  penetrance  of  the  BBB,  so  9  other  dogs  were 
exposed  at  this  power  density.  Of  the  latter,  3  showed  significantly 
higher  BBB  penetrance  and  the  other  6  no  significant  differences  from 
the  controls.  The  positive  results  obtained  for  4  dogs  exposed  at  30 
mW/sq  cm  led  the  investigators  to  suggest  the  possible  existence  of  a 
power  density  "window"  in  the  vicinity  of  this  value. 

Measurements  or  estimates  of  SARs  in  the  dog  head  might  have  been  use¬ 
ful  for  comparing  these  result  with  those  of  other  investigators  (with 
other  species),  especially  since  the  power  densities  were  measured  in 
the  near  field  of  a  horn  (with  the  dog  absent).  Also,  the  presence  of 
the  19-gauge  metal  needle  in  the  brain  during  RFR  exposure  may  have 
affected  the  SAR  in  its  vicinity. 

Williams  et  al .  (1984a),  in  one  of  four  studies,  compared  the  effects 
of  RFR-exposure ,  ambient  heat,  and  intravenously  injected  hyperosmolar 
urea  on  cerebral  raicrovasculature  permeability  to  systemically  circula¬ 
ting  sodium  fluorescein,  and  determined  the  effect  of  hyperthermia  on 
the  circulating  plasma  levels  of  sodium  fluorescein. 

Fisher-344  male  rats  were  housed  in  individual  wire-mesh  cages  in 
animal  quarters  maintained  at  23  +/-  1  deg  C  and  normal  0600-1800  light 
cycle.  Four  to  five  days  prior  to  each  experiment,  an  indwelling  cath¬ 
eter  was  inserted  in  the  right  jugular  vein  to  permit  the  injection  of 
solutions  directly  into  the  conscious  animal.  Each  day  from  0900  to 
1200  for  at  least  7  days  prior  to  exposure,  the  rats  were  acclimated  to 
simulated-exposure  conditions  by  placing  each  unrestrained  within  an 
individual  Styrofoam  box  like  those  used  for  exposure.  The  treatment 
was  continued  until  colonic  temperature,  taken  at  the  end  of  each  3-hr 
daily  session,  was  within  the  normal  range  for  the  rat  (37-38  deg  C). 

After  being  acclimated  on  the  day  of  an  experiment,  conscious  rats 
were  either  sham-exposed  or  exposed  dorsally  to  far-field  2.45-GHz  CW 
RFR  at  20  or  65  mW/sq  cm  (4  or  13.0  W/kg)  for  30,  90,  or  180  min  within 


an  anechoic  chamber  maintained  at  24  +  /-  1  deg  C  ambient  temperature  and 
55-68%  relative  humidity.  Other  similarly  acclimated  rats  were  exposed 
to  heat  for  30  or  90  (+/-  10)  min  in  the  anechoic  chamber  by  raising  the 
ambient  temperature  to  42  +/-  2  deg  C.  Still  others  were  given  an  iv 
injection  of  hypermolar  urea  to  open  the  BBB  osmotically. 

Within  15-30  seconds  after  such  RFR-exposure ,  heat  treatment,  or  iv 
injection,  colonic  temperature  was  measured  and  infusion  of  a  solution 
of  NaFl  was  begun  within  2  min.  The  infusion  took  1  min.  The  tracer 
was  allowed  to  circulate  for  5  rain,  after  which  the  rat  was  anesthetized 
intravenously.  Within  1-2  rain  of  anesthesia,  intracardiac  perfusion 
with  saline  was  performed;  the  brain  was  excised;  and  portions  of  the 
cerebral  cortex,  hypothalamus,  cerebellum,  and  medulla  were  removed. 

Each  was  weighed,  processed  appropriately,  and  assayed  for  tracer  by 
fluorescence  spectrophotometer. 

Significantly  elevated  levels  of  NaFl  (p<0.05  when  compared  with  brain 
samples  from  the  same  regions  of  sham-exposed  animals)  were  found  in  the 
brains  of  rats  exposed  at  65  mW/sq  cm  (13  W/kg)  for  30  or  90  rain;  for 
the  urea  (positive-control)  animals;  for  the  cortex,  hypothalamus,  and 
medulla,  but  not  the  cerebellum,  of  animals  exposed  to  heat  (42  +/- 2  deg 
C);  and  for  none  of  the  brain  samples  of  animals  exposed  at  20  mW/sq  cm 
(4  W/kg)  for  180  rain.  In  general,  ambient  heat  was  not  as  effective  as 
RFR  energy  in  raising  tracer  concentration  within  the  brain,  and  neither 
agent  yielded  elevations  as  great  as  the  hyperosmolar  solution  of  urea. 

Studies  were  carried  out  on  3  additional  rats  to  determine  the  effect 
of  hyperthermia  on  circulating  plasma  levels  of  NaFl.  Colonic 
temperatures  were  increased  from  no rrao thermic  levels  (37-38  deg  C)  to 
41.2-41.8  deg  C  in  30  rain.  Four  other  rats,  treated  identically  but 
without  exposure  to  hyperthermia,  served  as  controls.  Plasma 
concentrations  were  stated  to  be  significantly  higher  for  the  3  rats 
exposed  to  ambient  heat  than  for  the  controls. 

Using  the  argument  that  disruption  of  the  BBB  to  NaFl  would  be  ex¬ 
pected  to  result  in  a  significant  relative  increase  of  the  NaFl  concen¬ 
tration  in  brain  tissue  during  the  5-min  tracer-circulation  period,  the 
authors  calculated  the  ratios  of  measured  NaFl  concentration  of  cerebral 
cortex,  hypothalamus,  cerebellum,  and  medulla  brain  to  the  integral  of 
plasma  concentration  over  that  period  in  samples  from  each  of  the  four 
sham-  and  three  hyperthermic  rats.  The  differences  between  ratios  were 
found  to  be  statistically  nonsignificant  when  analyzed  by  the  Mann- 
Whitney  U-test.  Because  of  this,  the  authors  concluded  that  the  in¬ 
creased  levels  of  tracer  found  in  the  brains  of  rats  rendered  hyperther¬ 
mic  by  ambient  heat  or  by  exposure  to  RFR  were  most  likely  the  result  of 
elevated  circulating  levels  of  NaFl  due  to  reduced  renal  excretion. 

The  authors  suggested  that  a  second  source  of  artifact  might  have  been 
an  increase  in  blood  vascular  space  (BVS)  in  the  brain  resulting  from 
moderate  hyperthermia,  but  BVS  was  not  determined  in  this  experiment. 
Increases  in  circulating  level  of  NaFl  and  BVS  would  both  be  expected  to 
increase  the  residual  amounts  of  tracer  in  the  brain  resulting  from 


either  pinocytotic  uptake  during  the  5-min  circulation  period  or  from 
incomplete  clearance  of  fluorescein  from  the  lumen  and  luminal  wall 
surface  of  cerebral  vessels.  Thus,  they  concluded  that  the  increased 
levels  of  the  tracer  in  the  brain  were  not  the  result  of  alteration  of 
the  BBB  permeability  to  NaFl. 

Williams  et  al .  (1984b),  in  the  second  of  the  four  studies,  used  HRP 
as  the  tracer  in  similarly  treated  rats.  However,  marked  hypotension 
had  been  reported  in  some  strains  of  rats  2-3  min  after  iv  injection  of 
HRP  (5-10  mg  HRP/100  g  body  weight).  Other  toxic  effects  observed 
included  signs  of  erythema  and  edema  of  the  paws,  ears,  and  snout; 
lethargy;  and  prostration.  The  possible  occurrence  of  such  effects  in 
Fisher-344  rats,  which  would  be  a  potential  source  of  artifact,  was 
investigated  by  the  authors.  They  inserted  indwelling  catheters  into 
the  right  jugular  vein  and  femoral  artery  of  six  rats.  After  recovery 
from  anesthesia,  four  of  the  rats  were  exposed  to  RFR  (65  mW/sq  cm,  13 
W/kg)  for  30  or  90  min  and  the  other  two  were  sham-exposed.  After  expo¬ 
sure,  femoral  blood  pressure  was  monitored  for  1  min  prior  to  injecting 
a  0.5-ml  solution  of  HRP  at  15  mg/100  g  body  weight  and  for  up  to  60  min 
after  injection. 

Mean  blood  pressure  remained  virtually  unchanged  in  all  six  animals. 
The  authors  observed  that  the  rats  became  noticeably  less  active  on 
injection  of  the  tracer,  but  did  not  display  behavior  indicative  of 
illness,  such  as  lowering  of  the  head  nd  sniffing.  Toxicity  was 
therefore  not  regarded  a  problem  at  the  levels  of  HRP  used. 

For  the  study  of  BBB  effects  proper,  rats  were  sham-exposed,  exposed 
to  dorsally  to  2.45-GHz  CW  RFR  at  20  mW/sq  cm  (4  W/kg)  for  180  min  or  65 
mW/sq  cm  (13  W/kg)  for  30  or  90  min,  or  heat-treated  for  30  or  90  min  by 
raising  the  ambient  temperature  to  42  +/-  2  deg  C,  as  described  above. 
Within  15-30  seconds  after  terminating  treatment,  colonic  temperature 
was  recorded.  HRP,  weighed  and  diluted  in  0.5  ml  of  saline  to  give  an 
injectable  concentration  of  15  mg/100  g  body  weight,  was  then  injected 
iv  at  a  constant  rate  of  0.6  ml/rain  and  allowed  to  circulate  for  60  min. 
The  animal  was  then  anesthetized,  perfused  intracardially  with  saline  1- 
2  min  after  anesthesia,  and  fixed  by  perfusion  with  glutaraldehyde  in 
buffer.  The  brains  were  subsequently  removed  and  2-mm-thick  sections  of 
cerebral  cortex,  hypothalamus,  cerebellum,  and  medulla  were  dissected, 
fixed,  and  prepared  on  glass  slides  for  visualization  of  peroxidase 
reaction  product.  The  pineal  gland  was  also  removed  and  similarly 
treated.  Each  of  about  450  slides  was  renumbered  with  a  code  by  an 
assistant  beforehand  to  provide  a  single-blind  format. 

To  evaluate  each  slide,  50  microvessels  less  than  30  microns  in 
diameter  were  randomly  selected  and  counted.  The  whole  tissue  section 
was  then  scanned,  and  evidence  of  HRP  extravasation  was  recorded. 
Microvessels  were  assessed  as  positive  or  negative  for  the  presence  of 
HRP  product  in  four  categories:  in  microvessel-  or  surrounding  peri¬ 
vascular  structures;  within  microvessel  endothelium  (vesicles);  within 
pericyte;  around  basement  membrane  or  extravasation  into  surrounding 
neuropil.  After  all  slides  had  been  examined,  code  numbers  were  matched 


with  slide  numbers  (revealing  the  identity  of  each  slide)  and  a  ratio 
was  calculated  for  each  category  with  respect  to  the  total  number  of 
vessels  counted  per  slide.  From  the  ratios  for  the  four  slides  examined 
for  each  region,  a  mean  ratio  per  category  for  each  brain  region  was 
then  calculated,  and  a  mean  of  means  (  +  /-  SEM)  for  each  category  was 
obtained  for  each  brain  region  by  summing  the  means  of  all  rats  (n-4  or 
5)  in  each  respective  exposure  group. 

Under  light  microscopy,  the  normally  leaky  pineal  gland  showed 
reaction  product  in  both  RFR-  and  sham-exposed  rats.  Of  the  other  brain 
regions  studied,  none  showed  extracellular  leakage  of  HRP  attributable 
to  RFR-  or  heat-induced  breakdown  of  the  BBB.  A  few  microvessel  endo¬ 
thelial  cells  with  HRP-flooded  cytoplasm  were  observed  infrequently  in 
1-micron  sections  of  brain  from  both  RFR-  and  sham-exposed  rats.  HRP 
reaction  product  was  seen  more  often  within  pericytes  or  immediately 
surrounding  these  cells  at  the  bifurcation  of  small  arterioles  or 
precapillaries.  Reaction  product  was  sometimes  present  between  the 
apposing  folia  of  the  cerebellum  and  immediately  below  the  pial  membrane 
in  cerebral  cortex.  Reaction  product  was  also  seen  around  a  few  small 
vessels  in  the  arcuate  nucleus,  and  especially  around  vessels  of  the 
median  eminence  in  both  RFR-  and  sham-exposed  rats.  These  findings  were 
confirmed  by  electron  microscopic  examination  of  ultrathin  sections  of 
each  brain  region. 

In  the  single-blind  analysis,  the  mean  ratios  representing  extravas- 
cular  leakage  of  HRP  into  the  surrounding  neuropil  were  zero  for  the 
cortex,  cerebellum,  and  medulla  of  all  five  groups  (sham,  RFR  at  20 
mW/sq  cm  for  180  min,  RFR  at  65  mW/sq  cm  for  30  min,  RFR  at  65  mW/sq  cm 
for  90  rain,  and  ambient  heat  for  90  rain)  and  for  the  hypothalamus  of  the 
two  65-mw/sq-cm  groups  and  the  heat  group.  The  hypothalamic  ratios  for 
the  sham  and  20  mW/sq-cra  groups  were  small,  comparable,  and  derived  from 
a  single  rat  in  each  group.  The  mean  ratios  for  HRP-labeled  pericytes 
obtained  from  cerebral  cortex,  hypothalamus,  cerebellum,  and  medulla  of 
the  three  RFR  groups  and  the  heat  group  were  consistently  lower  than  the 
corresponding  values  for  the  sham  group.  This  was  also  true  for  the 
mean  ratios  of  HRP-labeled  endothelium. 

In  their  discussion,  the  authors  stated:  "This  study  not  only  failed 
to  show  an  increase  in  BBB  permeability  to  HRP  following  exposure  to 
ambient  heat  or  microwaves,  but  actually  showed  a  reduced  uptake  of  the 
tracer  by  the  brain,  i.e.,  cerebral  microvessels. . .This  reduced  uptake 
appears  to  be  a  direct  result  of  decreased  formation  of  pinocytotic 
vesicles.  Lipid  insoluble  molecules,  including  sucrose,  cross  the 
microvessel  endothelium  by  vesicular  transport  (appropriate  references 
cited).  The  observed  reduction  in  vesicular  transport  of  HRP  would, 
therefore,  explain  the  reduced  permeability-surface  area  product  (PA) 
for  C-14  sucrose  noted  in  those  rats  exposed  to  microwaves  at  65  mW/sq 
cm  for  30  rain  (Williams  et  al. ,  1984c)."  The  authors  also  noted  that 
significantly  depressed  (p<0.05)  pinocytotic  activity  was  only  evident 
in  rats  exposed  to  RFR  at  65  mW/sq  cm  (13  W/kg)  for  30  or  90  rain  or  to 
ambient  heat  (42  +/-  2  deg  C)  for  90  min,  but  that  suppression  may  begin 
when  brain  temperatures  exceed  normotherraic  levels  by  as  little  as  1  deg 
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C  or  less. 

In  the  third  study,  Williams  et  al.  (1984c)  used  C-14-labeled  sucrose 
as  the  tracer.  Indwelling  catheters  were  implanted  into  the  right 
jugular  vein  and  femoral  artery  2-4  days  before  the  experiments.  Within 
15-30  seconds  after  RFR-,  sham-,  or  heat-exposure,  colonic  temperature 
was  recorded  and  the  conscious  rat  was  rapidly  transferred  to  a  Styro¬ 
foam  box,  where  the  jugular  catheter  was  attached  to  an  injection  sy¬ 
ringe  via  a  polyethylene  extension  tube  containing  a  bolus  of  C-14 
labeled  sucrose  and  saline  wash  separated  from  the  bolus  by  a  small  air 
bubble.  The  injections  were  performed  4-6  min  after  the  end  of  treat¬ 
ment.  After  flushing  the  femoral  catheter  with  saline,  the  catheter  was 
attached  to  a  transducer  for  recording  the  blood  pressure  before,  dur¬ 
ing,  and  after  bolus  injection. 

Within  5-10  seconds  after  injection,  the  catheter  was  disconnected 
from  the  transducer  and  0.1-ml  samples  of  whole  blood  were  bled  period¬ 
ically  into  raicrocentrif uge  tubes  for  20  min  (totaling  less  than  2  ml). 
After  such  bleeding,  the  rat  was  decapitated,  its  brain  was  removed,  and 
the  arachnoid-pial  membrane  was  peeled  off.  Rectangular  3x6-mm  strips 
of  left  and  right  cerebral  cortex,  the  whole  hypothalamus,  half  of  the 
cerebellum,  and  a  4x4-mra  strip  of  the  medulla  were  removed  and  weighed. 
Each  sample  was  solubilized,  incubated,  and  assayed  for  radioactivity  by 
liquid  scintillation  counting. 

The  counts  per  min  for  brain,  plasma,  and  whole  blood  were  converted 
to  disintegrations  per  min  (dpm)  by  the  use  of  a  separate  quench  curve 
for  each  region,  and  the  following  concentrations  (C)  of  C-14  sucrose 
were  determined  for  each  rat:  (1)  brain-C,20  in  dpra/g  (at  20  mir.,  the 
time  at  which  the  last  blood  sample  was  drawn  and  the  rat  decapitated) 
for  the  cortex,  hypothalamus,  cerebellum,  and  medulla;  (2)  integral  of 
plasma-C  over  the  20-min  period  (dpra.s/ral),  using  the  data  from  the 
periodically  drawn  samples;  and  (3)  blood-C,20  (dpro/ral). 

The  blood  vascular  space  (BVS)  in  ml  of  blood  per  gram  of  brain  was 
calculated  from  rats  in  other  experiments  to  correct  for  intravascular 
sucrose.  In  these  experiments,  rats  were  sham-exposed  or  heated  to 
attain  colonic  temperatures  approximating  those  obtained  by  exposure  at 
65  mW/sq  cm  (13  W/kg)  for  30  or  90  rain.  However,  blood  samples  were 
collected  for  only  5  rain  before  decapitation.  For  each  control-  and 
heated  rat,  the  ratio  of  brain-C,5  to  blood-C,5  for  each  brain  region 
was  taken  as  an  initial  estimate  of  BVS  for  that  region  and  a  nonlinear 
least  squares  process  was  used  reiteratively  to  obtain  final  BVS  values. 
Lastly,  mean  BVS  values  obtained  from  averaged  final  values  were  used 
with  data  from  RFR-  and  sham-exposed  groups  to  calculate  regional  PA 
values  for  each  group.  The  data  from  all  studies  were  analyzed  with  the 
non-paramet r ic  Mann-Whitney  U-test  for  differences  in  distribution. 

The  mean  regional  BVS  values  for  the  30-min-heat  group  were  slightly 
but  consistently  higher  than  the  corresponding  values  for  the  sham  and 
90-min-heat  groups.  The  mean  values  for  the  90-min-heat  group  except 
for  the  cortex  were  lower  than  those  for  the  sham  group.  However,  none 
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of  these  differences  were  statistically  significant.  (The  changes  were 
nonmonotonic  with  increasing  heat,  so  presumably  they  were  not  heat- 
induced  .  ) 

The  regional  PA  values  for  the  30-min-RFR  group  were  consistently 
lower  than  the  corresponding  values  for  the  sham  and  90-min-RFR  groups. 
These  decreases  were  significant  for  the  hypothalamus,  cerebellum,  and 
medulla  but  the  decreases  for  the  cerebral  cortex  were  not  significant. 

The  differences  between  corresponding  values  for  the  90-min-RFR  and 
sham  groups  were  not  significant.  However,  the  authors  noted  that  two 
of  the  rats  of  this  RFR  group  attained  colonic  temperatures  below  42.5 
deg  C  and  yielded  lower  PA  values  than  the  other  two  rats  in  the  group, 
whose  colonic  temperatures  reached  43.0  and  43.4  deg  C.  Also,  the  lower 
PA  values  were  within  the  range  obtained  for  the  30-min-RFR  group. 

The  authors  indicated  that  as  colonic  temperature  neared  or  exceeded 
about  41.5  deg  C,  plasma-sucrose  levels  increased  significantly  above 
those  for  the  sham  group.  They  illustrated  this  point  with  typical 
plots  of  plasma-sucrose  concentration  (from  samples  taken  periodically 
for  20  min)  vs  time  after  injection  for  a  rat  exposed  at  65  mW/sq  cm  (13 
W/kg)  for  90  rain  and  a  sham-exposed  rat.  The  two  curves  were  similar 
(both  exponentially  decreasing),  with  the  one  for  the  RFR  rat  above  that 
for  the  sham  rat.  The  authors  noted  that  these  increased  levels  of  cir¬ 
culating  sucrose  constituted  a  potentially  biasing  artifact  in  calcu¬ 
lations  of  PA  and  uptake  ratio,  and  therefore  they  limited  the  30-min- 
RFR  group  to  those  rats  whose  colonic  temperatures  remained  below  41.3 
deg  C  and  whose  concentrat ion-vs-t ime  profiles  were  within  the  range  for 
sham-exposed  rats.  On  this  basis,  the  difference  between  the  30-min-RFR 
and  sham  groups  was  not  significant,  but  the  plasma  levels  for  the  rats 
in  the  90-min-RFR  group  were  significantly  elevated  above  sham  levels. 

The  authors  did  not  discuss  the  blood-pressure  or  pulse  results.  By 
t-test,  however,  the  mean  blood  pressures  were  significantly  higher  for 
both  90-min  groups  than  for  the  sham  group,  but  the  only  significant 
difference  in  pulse  rate  was  a  lower  mean  value  for  the  30-min-RFR  group 
than  for  the  sham  group. 

The  authors  indicated  that  consistently  elevated  plasma  integrals  and 
tracer  concentrations  in  whole  blood  were  found  in  the  rats  exposed  to 
RFR  or  heat  for  90  min,  with  colonic  temperatures  of  all  exceeding  41.5 
and  usually  above  42  deg  C,  and  that  definite  changes  in  renal  function 
could  occur  at  such  temperatures.  Thus,  without  discounting  possible 
changes  in  sucrose  distribution  among  the  kidneys,  liver,  and  muscle 
tissue,  they  ascribed  increased  circulatory  levels  of  sucrose  primarily 
to  reduction  of  renal  clearance.  In  support  of  this  hypothesis,  they 
determined  endogenous  creatinine  levels  in  plasma  samples  collected  from 
several  sham-exposed  and  90-min-hyperthermic  (exceeding  42  deg  C)  rats 
as  an  index  of  renal  function.  The  mean  creatinine  concentration  for 
the  sham-exposed  group  was  significantly  lower  than  for  the  90-min 
hyperthermic  group,  which  suggested  significantly  reduced  glomerular 
filtration  rates  in  these  hyperthermic  rats. 


Because  of  the  occurrence  of  impaired  renal  function  in  the  severely 
hyperthermic  rats,  the  authors  regarded  the  BBB  findings  for  these  rats 
as  unreliable,  but  indicated  that  this  situation  was  avoided  for  the 
group  rendered  moderately  hyperthermic.  They  therefore  concluded  that 
the  arterial-integral  method  is  a  valid  approach  to  calculating  PAs  in 
unrestrained  conscious  animals  subjected  to  hyperthermic  levels  (by 
either  heat  or  RFR)  that  do  not  impair  renal  function  or  alter  tracer 
levels  in  plasma.  They  also  stated: 

"Our  results,  which  confirm  those  previously  reported  by  Gruenau  et 
al .  (1982)  and  Preston  (1982),  clearly  demonstrate  that  exposure  of 
conscious  rats  to  2450  MHz  microwave  energy  at  20  or  65  mW/sq  cm  does 
not  increase  the  permeability  of  the  blood-brain  barrier  to  sucrose." 

Williams  et  al.  (1984d)  investigated  the  relationship  of  BBB 
alterations  to  colonic  and  regional  brain  temperatures  in  the  fourth 
study.  They  measured  the  colonic  temperature  and  local  temperatures  in 
the  cortex,  hypothalamus,  cerebellum,  and  medulla  of  conscious  rats 
within  30-90  seconds  after  completing  the  following  treatments:  sham- 
exposure;  exposure  to  2.45-GHz  CW  RFR  at  20  mW/sq  cm  (4  W/kg)  for  30, 

90,  or  180  rain  or  at  65  mW/sq  cm  (13  W/kg)  for  30  or  90  min;  ambient 
heating  at  42  deg  C  for  90  min.  For  this  purpose,  two  nylon  screws, 
each  having  a  hole  through  its  center,  were  surgically  implanted  and  an¬ 
chored  under  anesthesia  in  the  head  of  each  rat,  one  screw  (5.0  mm  long) 
4.0  mm  anterior  to  the  lambdoid  suture  and  1 . 5  mm  left  of  the  midline, 
and  the  other  (5.5  mm  long)  3.0  mm  posterior  to  the  suture  and  3.0  mm 
left  of  the  midline.  Recovery  from  surgery  usually  occurred  within  two 
weeks.  Rats  that  exhibited  altered  behavior,  high  temperature,  or  con¬ 
tinued  weight  loss  by  the  end  of  this  period  were  excluded  from  the  stu¬ 
dy.  Equilibration  and  handling  were  done  daily  as  in  the  other  studies. 

The  results  revealed  the  presence  of  a  thermal  gradient  within  the  rat 
brain;  superficial  regions  of  cerebral  cortex  and  cerebellum  were  cooler 
than  the  deeper  hypothalamus  and  medulla  of  all  groups.  Statistical 
analysis  indicated  that  the  mean  regional  brain  temperatures  for  all 
five  RFR  groups  were  significantly  higher  than  the  corresponding  values 
for  the  sham-exposed  groups,  as  were  the  colonic  temperatures.  The 
difference  (delta-t)  between  the  mean  temperature  in  each  brain  region 
and  the  mean  colonic  temperature  was  calculated.  The  values  of  delta-t 
for  all  nine  groups  were  negative  (mean  colonic  temperature  higher  than 
mean  regional  brain  temperature)  for  the  cortex  and  cerebellum,  and 
positive  for  the  hypothalamus  and  medulla.  The  delta-t  values  for  the 
RFR-  and  heat-exposed  groups  did  not  differ  significantly  from  those  for 
the  sham-exposed  groups  except  for:  the  cortical  value  of  the  65-mW/sq- 
cm  (13-W/kg),  30-min  group;  the  hypothalamic  value  of  the  20-mW/sq-cm 
(4-W/kg),  180-min  group;  the  cerebellar  value  of  the  65-mW/sq-cm  (13- 
W/kg),  90-min  group;  and  the  cerebellar  and  medullar  values  of  the  high 
ambient-temperature  group. 

For  individual  rats  exposed  to  RFR  at  20  or  65  mW/sq  cm  (4  or  13  W/kg) 
or  to  ambient  temperature  of  33  or  43  deg  C,  each  of  its  regional  brain 
temperatures  was  plotted  against  its  colonic  temperature.  Collectively, 
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the  points  for  each  region  showed  that  brain  and  colonic  temperature 
were  linearly  related.  Regression  lines  were  calculated  and  used  to 
estimate  the  mean  regional  brain  temperatures  for  rats  involved  in  the 
sodium-fluorescein  (NaFl),  horseradish-peroxidase  (HRP),  and  C-14- 
sucrose  studies  (Williams  et  al . ,  1984a,  b,  c,  discussed  above).  The 
Spearman  rank  correlation  coefficient,  rs,  was  then  calculated  and  used 
to  assess  ' between-group '  correlations  of  tracer  levels  within  cerebral 
cortex,  hypothalamus,  cerebellum,  and  medulla  with  the  regional  brain 
temperature  from  groups  sham-exposed  or  exposed  to  RFR  at  20  or  65  mW/sq 
cm  (4  or  13  W/kg)  for  30,  90,  or  180  min. 

For  the  three  groups  assayed  for  NaFl  concentrations  after  exposure  at 
20  mW/sq  cm  (4  W/kg)  for  180  min  or  at  65  mW/sq  cm  (13  W/kg)  for  30  or 
90  min,  the  values  of  rs  for  the  cortex,  hypothalamus,  cerebellum,  and 
medulla  were  0.800  (p<0.01),  0.720  (p<0.01),  0.623  (p<0.05),  and  0.653 
(p<0.01),  respectively.  (The  critical  values  of  rs  at  p-0.05  and  p-0.01 
were  0.456  and  0.645,  respectively.)  For  the  four  groups  assayed  for 
HRP  uptake  after  sham-exposure  or  exposure  at  20  mW/sq  cm  (4  W/kg)  for 
180  min  or  exposure  at  65  mW/sq  cm  (13  W/kg)  for  30  or  90  min,  the  rs 
values  for  the  cortex,  cerebellum,  and  medulla  were  each  1.00  (p<0.05); 
the  value  for  the  hypothalamus,  0.800,  was  not  significant  (p>0.05). 

(The  critical  rs  value  at  p»0.05  was  1.00.)  For  the  two  groups  assayed 
for  sucrose-permeability  surface-area  product  (PA)  after  sham-exposure 
or  exposure  at  65  mW/sq  cm  (13  W/kg)  for  30  min,  the  respective  rs 
values  were  0.399  (ns),  0.708  (p<0.05),  0.732  (p<0.05),  and  0.851 
(p<0.01).  (The  critical  values  of  rs  at  p»0.05  and  0.01  were  0.643  and 
0.833.)  The  corresponding  rs  values  of  C-14  uptake  ratio  for  the  same 
groups  were  0.631  (ns),  0.708,  0.827,  and  0.827,  with  the  latter  three 
significant  (p<0.05). 

In  discussing  their  results,  the  authors  stated  the  following:  "An 
early  consideration  in  this  study,  with  regard  to  possible  causes  of 
increased  BBB  permeability  reported  in  the  literature,  was  that  regional 
or  whole  brain  loss  of  thermoregulatory  ability  might  precede  or  accom¬ 
pany  breakdown  of  the  barrier.  Conceivably,  apparent  changes  in  permea¬ 
bility  to  a  substance  may  be  concomitant  with  a  measurable  degree  of 
tissue  heating.  Those  regions  of  the  brain  presenting  greatest  change 
in  BBB  permeability  might  therefore  exhibit  a  somewhat  greater  heat  load 
following  exposure  to  microwaves ...  Animals  exposed  to  a  relatively  low 
power  density  (20  mW/sq  cm)  reflected  a  small,  but  significant  increment 
in  temperature  of  the  colon  and  of  each  region  of  the  brain  studied.  At 
this  incident  power  level,  tissue  heating  is  effectively  minimized  by 
the  animal's  thermoregulatory  capacity,  even  after  an  exposure  lasting 
180  min... With  exposure  of  sufficient  duration,  the  thermoregulatory  re¬ 
sponse  to  a  high  intensity  microwave  field,  such  as  65  mW/sq  cm  is  not 
adequate  to  maintain  brain  or  colonic  temperatures  within  the  normal 
range . " 

They  concluded  that  at  20  mW/sq  cm  (4  W/kg),  physiological  response 
mechanisms  are  more  than  adequate  for  maintaining  body  temperatures  in 
the  rat,  including  those  of  the  brain,  well  within  tolerable  limits,  but 
that  exposure  to  intense  fields  (e.g.,  65  mW/sq  cm  or  13  W/kg)  for  long 


durations  (90  min)  could  approach  or  exceed  such  limits. 

In  general,  the  use  of  conscious,  unrestrained  rats  in  these  four 
studies  represents  a  significant  advance  over  previous  methods  used  to 
ascertain  the  effects  of  RFR  on  the  blood-brain  barrier.  The  effects  of 
stress  arising  from  handling,  the  exposure  environment,  and  colonic- 
temperature  measurement  were  minimized  by  acclimating  the  animals  to  all 
procedures,  before  the  actual  experiments,  until  colonic  temperatures  at 
the  end  of  the  conditioning  period  were  in  the  normal  range  for  the  rat. 

In  summary  the  uncertainties  in  most  earlier  research  on  this  topic 
involve  whether  significant  artifacts  were  introduced  by  the  kinds  of 
biological  techniques  used.  Several  investigators  have  indicated  that 
exposure  to  RFR  may  alter  the  size  of  vascular  and  extravascular  volumes 
and  cerebral  blood  flow  rate,  thereby  yielding  changes  in  the  BUI  that 
were  not  necessarily  related  to  BBB  permeability  alterations.  Rapoport 
et  al .  (1979)  developed  a  method  for  measuring  the  permeability  of  the 
cerebrovascular  system  to  C-14-labeled  sucrose  that  yielded  results 
independent  of  cerebral  blood  flow  rate.  Blasberg  (1979)  reviewed  many 
of  the  methods  previously  used  for  investigating  BBB  changes  and  the 
problems  associated  with  these  methods.  As  described  earlier,  Oscar  et 
al.  (1981)  confirmed  experimentally  that  LCBF  is  increased  in  the  rat 
brain  by  exposure  to  pulsed  RFR  at  15  mW/sq  cm  average  power  density. 

More  recent  findings  such  as  those  of  Williams  et  al .  (1984a,  b,  c,  d) 
indicate  that  little  quantitative  confidence  can  be  accorded  to  the 
results  of  early  experiments  on  RFR-induced  BBB  alterations,  such  as 
those  of  Frey  et  al.  (1975),  Oscar  and  Hawkins  (1977),  and  Albert 
(1977).  Qualitatively,  hyperthermic  levels  of  RFR  clearly  can  alter  the 
permeability  of  the  BBB.  It  is  also  possible  that  exposure  at  average 
power  densities  of  the  order  of  10  raW/sq  cm  may  result  in  randomly 
distributed,  clinically  subacute,  reversible  alterations. 
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3.4.2  HISTOPATHOLOGY  AND  HISTOCHEMISTRY  OF  THE  CENTRAL  NERVOUS  SYSTEM 


3.4.2. 1  STUDIES  OF  EXCISED  NEURAL  TISSUES 

In  several  studies,  neural-tissue  preparations  were  exposed  to  RFR  in 
vitro.  Among  them  was  that  of  Courtney  et  al.  (1975),  who  removed  the 
right  and  left  superior  cervical  ganglia  from  New  Zealand  white  rabbits, 
stretched  each  across  a  vertical  section  of  WR284  waveguide  sealed  at 
the  bottom  and  filled  with  Ringer's  solution,  and  exposed  the  ganglion 
to  2.45-GHz  CW  RFR  from  below.  Temperature-controlled  Ringer's  solution 
was  flushed  through  the  waveguide  section  at  1  1/min.  For  impedance 
matching,  the  seal  at  the  bottom  of  the  waveguide  was  a  dielectric  plate 
of  unstated  thickness  (presumably  equivalent  to  a  quarter-wavelength). 
The  preganglionic  end  was  connected  to  a  set  of  stimulating  electrodes 
external  to  the  waveguide,  and  a  silver  lead  wire  within  a  suction 
syringe  (external  to  the  waveguide)  was  used  to  make  contact  with  the 
postganglionic  nerve  via  a  glass  capillary  through  the  waveguide  wall. 

Forward  and  reflected  powers  were  measured  with  a  bidirectional 
coupler  and  power  meters.  Reflected  powers  were  always  less  than  IX  of 
forward  powers.  The  mean  power  density  incident  on  the  ganglion  and  its 
mean  SAR  were  calculated  from  the  net  (forward  minus  reflected)  power, 
the  waveguide  cross  section,  the  penetration  depth  for  the  Ringer's 
solution  (1.75  cm  at  2.45  GHz),  and  the  distance  of  the  ganglion  from 
the  bottom  of  the  waveguide,  which  yielded  2.2  W/kg  per  mW/sq  cm. 

Prior  to  exposure,  effects  of  temperature  alone  on  synaptic  transmis¬ 
sion  latencies  through  ganglia  were  measured.  At  37  deg  C,  stimulation 
of  the  preganglionic  nerve  trunk  with  pulses  100  to  300  microseconds  in 
duration  at  1  pps  and  amplitude  4-8  V  yielded  a  transient  positive-going 
potential  from  the  postganglionic  nerve  stump  relative  to  the  potential 
of  the  Ringer's  solution,  with  a  transmission  latency  of  about  20  ms  (B- 
f iber-raediated  or  short-latency  response).  Seen  with  higher  stimulus 
amplitudes  were  C-f iber-raediated  (long-latency)  responses.  Latencies 
for  both  responses  increased  about  linearly  with  decreasing  solution 
temperatures,  yielding  at  23  deg  C  about  40  ms  and  65  ms  for  the  short- 
latency  and  long-latency  responses,  respectively,  which  corresponded  to 
change  rates  of  about  3Z  per  deg  C  for  both. 

Each  ganglion  was  exposed  to  the  RFR  at  power  densities  up  to  about 
300  mW/sq  cm  (660  W/kg)  for  1-rain  intervals,  with  1  min  between  expo¬ 
sures  for  control  measurements.  During  the  exposure  and  control  inter¬ 
vals,  the  ganglion  was  stimulated  with  an  amplitude  sufficient  to  excite 
both  B  and  C  fibers  and  the  electrically  evoked  potentials  were  recorded 
with  a  computer  of  average  transients.  The  authors  stated:  "Only  at 
absorbed  power  densities  [SARs]  above  100  W/kg  (50  mW/sq  cm)  did  we 
observe  temperature  changes  of  0.1  deg  C  or  more  in  the  solution  just 
exiting  the  waveguide."  However,  they  did  not  discuss  the  method  for 
measuring  such  temperature  changes. 

Averaged  short-latency  and  long-latency  responses  were  plotted  vs  RFR 
level  for  each  of  three  ganglia.  These  plots  showed  small  differences 


in  latency  between  exposure  and  control  periods  for  each  ganglion.  The 
authors  gave  no  statistical  treatment  of  the  data  but  indicated  that  by 
t-test,  such  differences  were  nonsignificant  (p>0.05)  for  either  type  of 
latency.  The  plots  for  two  of  these  ganglia  also  showed  temperature 
rises  exceeding  0.2  and  0.4  deg  C  at  the  respective  highest  RFR  levels. 

The  authors  noted  that  some  changes  in  response  latencies  over  time 
were  observed.  They  presented  a  plot  of  the  short  latencies  at  36.5  deg 
C  vs  time  for  a  ganglion  in  the  absence  of  RFR,  which  showed  a  latency 
drift  from  about  15  ms  initially  to  about  17  ms  at  70  min.  The  short 
and  long  latencies  were  determined  for  a  ganglion  at  37  deg  C  for  35 
min.  This  ganglion  was  exposed  for  five  1-min  periods  at  30  raW/sq  cm 
(65  W/kg)  alternating  with  1-min  control  intervals  during  the  middle  10 
of  the  35  min,  which  yielded  no  apparent  effect  on  either  latency. 

Thus,  the  latency  drifts  with  time  were  not  RFR-related. 

Wachtel  et  al.  (1975)  exposed  abdominal  ganglia  excised  from  the 
marine  gastropod  Aplysia  to  1 . 5-GHz  or  2.45-GHz  CW  RFR  between  center 
conductor  and  ground  plane  of  a  section  of  rectangular  stripline,  with 
the  center  conductor  vertical.  RFR  was  fed  from  the  source  through  a 
circulator  to  the  stripline  section  by  coaxial  cable.  The  section  was 
terminated  with  a  shorted  stub,  which  reflected  the  energy  not  absorbed 
by  the  sample  in  transmission  back  through  the  sample  for  additional 
absorption.  The  remaining  energy  returned  to  the  circulator,  where  it 
was  absorbed  by  a  dummy  load.  The  forward  and  reflected  powers  were 
measured  with  a  meter  connected  to  a  bidirectional  coupler  in  the  input 
coaxial  cable.  A  few  experiments  were  also  conducted  with  1 . 5-GHz  and 
2.45-GHz  pulsed  RFR. 

Among  the  effects  sought  were  RFR-induced  changes  in  endogenous  firing 
patterns  of  the  two  types  of  pacemaker  neurons:  "beating"  pacemakers 
that  have  regular  interspike  intervals  (ISIs)  and  "bursting"  pacemakers, 
in  which  the  action-potential  (AP)  bursts  occur  at  regular  interburst 
intervals  (IBIs).  Regarding  pacemakers,  the  authors  noted  that  the  ISI 
of  an  unperturbed  beating  pacemaker  neuron  in  an  isolated  ganglion  of 
Aplysia  usually  varies  less  than  10X  during  several  minutes  and  the  IBI 
of  a  bursting  pacemaker  neuron  was  usually  even  more  stable.  Thus,  RFR- 
induced  changes  exceeding  about  10%  were  readily  detected  in  this  study, 
permitting  determination  of  RFR  thresholds  for  such  changes.  They  also 
indicated  that  useful  results  were  obtained  from  41  separate  neurons  in 
about  25  "successful"  experiments  of  50. 


For  exposure,  a  ganglion  was  pinned  with  nonconduct ive  cactus  needles 
inside  a  small  Plexiglas  cylindrical  chamber  filled  with  seawater.  The 
volume  occupied  by  the  various  chambers  used  ranged  from  0.3  to  0.8  ml 
(depending  on  the  RFR  frequency),  all  small  relative  to  the  volume  of 
the  stripline  section.  Intracellular  microelectrodes  were  inserted 
through  small  holes  in  the  ground-plane  wall  to  stimulate  neurons  and 
record  signals  therefrom.  The  microelectrodes  were  filled  with  KC1 
solution,  2.5  M  at  the  tip  and  0.5  M  in  the  barrel,  yielding  relatively 
low  and  high  resistivities,  respectively,  with  the  latter  rendering  the 
barrel  less  susceptible  to  RFR  and  thereby  reducing  artifact  potentials 
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to  less  than 


1  mV. 


With  the  simple  geometry  of  the  stripline  (which  propagated  transverse 
electromagnetic  waves)  and  the  small  sample  size,  SARs  within  the  sample 
(expressed  as  absorbed  powers  in  mW/cc)  were  calculated  from  the  input 
power  to  the  stripline,  its  cross-section,  the  dielectric  properties  and 
size  of  the  Plexiglas  chamber,  and  the  volume  and  dielectric  properties 
of  the  sample,  as  described  in  the  appendix  to  the  paper.  The  authors 
estimated  that  the  values  were  incorrect  by  no  more  than  20%. 

Temperature  rises  within  the  sample  were  monitored  with  a  thermistor 
probe.  The  authors  noted  that  by  connecting  the  thermistor  to  a  bridge 
circuit  isolated  from  ground,  previously  observed  temperature  jumps 
indicating  that  the  thermistor  was  functioning  as  an  RFR  sink  were 
eliminated . 

To  illustrate  the  RFR-threshold-determination  method,  firing  patterns 
for  a  beating  pacemaker  given  a  steady  stimulus  current  to  set  its  ambi¬ 
ent  ISI  to  1  per  second  were  presented.  Each  pattern  covered  about  1 
min  before  and  1  min  after  exposure  to  1 . 5-GHz  CW  RFR  at  15,  30,  or  45 
mW/cc.  No  change  in  ISI  was  evident  for  15  mW/cc,  a  slight  ISI  increase 
was  observed  several  seconds  after  the  onset  of  the  RFR  at  30  mW/cc,  and 
the  ISI  increased  by  about  50%  at  45  mW/cc.  The  authors  concluded  that 
30  mW/cc  was  the  threshold  for  this  effect  in  this  neuron. 

Presented  also  were  three  illustrative  bursting-pacemaker  patterns. 

The  first  was  a  control  pattern  (2  min)  to  show  the  regularity  of  the 
IBI.  The  second  was  a  2-rain  pattern  during  the  middle  of  which  the 
neuron  was  exposed  for  about  25  seconds  to  1 . 5-GHz  CW  RFR  at  150  mW/cc, 
a  level  selected  to  yield  a  significant  temperature  rise  (about  1  deg  C) 
in  the  preparation.  With  RFR  onset,  the  temperature  rose  linearly,  and 
the  second  pattern  showed  an  accompanying  decrease  in  IBI  (opposite  to 
the  RFR-induced  increase  in  ISI  for  beating  pacemakers).  On  termination 
of  the  RFR,  the  temperature  decreased  more  slowly,  and  the  IBI  increased 
correspondingly.  The  third  pattern  was  obtained  with  convective  warm- 
air  heating  for  about  25  seconds  to  obtain  a  temperature  rise  about  the 
same  as  that  induced  previously  by  the  RFR.  The  result  was  opposite  to 
that  with  the  RFR,  an  IBI  increase  (barely  perceptible  in  the  pattern) 
during  heating.  (Not  clear  was  whether  these  patterns  were  for  three 
distinct  bursting-pacemaker  neurons  or  for  a  single  neuron  given  the  RFR 
and  convective-heat  treatments  in  succession.) 

The  ISI  thresholds  for  14  beating  pacemaker  neurons  tested  were  about 
5  mW/cc  for  five,  10  mW/cc  for  four,  15  mW/cc  for  one,  25  mW/cc  for  one, 
and  30  mW/cc  for  three.  For  seven  bursting  pacemaker  neurons,  the  IBI 
thresholds  were  5  and  45  mW/cc  for  two  at  each  level  and  10,  25,  and  30 
mW/cc  for  one  at  each  level. 

In  experiments  with  1 . 5-GHz  pulsed  RFR  (10-microsecond  pulses  at  1000 
to  5000  pps )  at  150  mW/cc  (average),  the  percentage  increases  in  ISI 
were  comparable  to  those  for  1 . 5-GHz  CW  RFR  at  the  same  level  and  con¬ 
vective  heating.  The  authors  noted  that  10-microsecond  pulses  were  very 
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short  compared  to  the  millisecond  current  pulses  usually  used  to  stimu¬ 
late  nerve  cells,  and  that  in  a  few  experiments,  "microwave  pulses  in 
the  range  of  10-100  msec  may  have  increased  efficacy  in  synchronizing 
firing  patterns.  A  related  effect  has  previously  been  reported  in  frog 
heart  (Frey  and  Seifert,  1968)."  (The  latter  finding  is  discussed  in 
Section  3.6.3.)  The  authors  noted  that  only  a  few  experiments  were 
performed  with  2.45-GHz  RFR  for  comparison  with  those  with  1 . 5-GHz  RFR 
and  stated  that:  "...it  is  not  possible  to  say  that  any  difference  in 
effects  occurs  at  these  two  frequencies." 

In  their  conclusions,  the  authors  reiterated  that  the  changes  in 
firing  patterns  at  RFR  levels  below  10  raW/cc  were  quite  reproducible  and 
they  offered  several  inconclusive  speculations  regarding  whether  such 
effects  would  occur  in  cortical  neurons  of  humans  exposed  at  power 
densities  between  1  and  10  mW/sq  cm. 

Chou  and  Guy  (1978)  designed  a  waveguide  exposure  system  to  study  the 
effects  of  2.45-GHz  RFR  on  isolated  tissues.  Exposures  were  done  from 
below  in  a  vertical  section  of  rectangular  waveguide  (inside  dimensions 
7.2  cm  x  3.4  cm)  filled  with  Ringer's  solution  to  a  height  of  6  cm.  A 
quarter-wavelength  dielectric  slab  was  used  to  match  the  impedance  of 
the  solution  to  that  of  air  and  to  seal  the  bottom  of  the  section.  By 
measurement,  the  penetration  depth  of  the  solution  was  1.65  cm  at  2.45 
GHz,  so  the  6-cm  column  of  fluid  was  essentially  equivalent  to  one  of 
infinite  length.  A  pump  connected  to  inlet  and  outlet  ports  through  the 
walls  at  the  bottom  of  the  section  was  used  to  circulate  solution 
maintained  externally  at  constant  temperature. 

Holes  3  mm  in  diameter  were  drilled  in  the  four  walls  1  cm  above  the 
dielectric  slab,  and  Plexiglas  chambers  were  glued  to  the  outside  walls 
against  each  hole.  These  chambers  were  used  for  holding  stimulating  and 
recording  electrodes  for  specimens  of  isolated  tissue  mounted  across  the 
center  of  the  waveguide  either  parallel  or  perpendicular  to  the  electric 
field  of  the  TE10  mode. 

SARs  of  the  Ringer's  solution  at  the  location  of  the  isolated  specimen 
were  calculated  from  values  of  net  forward  (input  minus  reflected) 
power,  the  density  of  the  solution,  the  cross-sectional  area  of  the 
waveguide,  and  the  attenuation  constant  of  the  solution.  The  authors 
noted  that  thin  tissue  preparations  having  dielectric  properties  close 
to  those  of  the  solution  would  not  significantly  perturb  the  fields 
therein.  Thus,  such  calculated  local  SARs  in  the  solution  were  deemed 
applicable  to  the  tissues  as  well. 

Using  nonperturbing  probes,  SARs  were  also  determined  by  measurements 
of  temperature  rises  within  specimens.  Because  of  rapid  heat  convection 
in  Ringer's  solution,  preparations  were  embedded  in  a  jelly  simulation 
of  Ringer's  solution.  The  results  were  in  reasonable  agreement  with  the 
calculated  values  (about  10X  lower  than  the  latter,  possibly  due  to 
differences  in  properties  of  simulated  and  actual  Ringer's  solutions). 

With  this  system,  possible  RFR  effects  on  frog-sciatic  and  cat- 


saphenous  nerves,  which  contain  mainly  myelinated  nerves,  and  on  the 
rabbit  vagus  nerve,  which  consists  of  both  myelinated  and  unmyelinated 
fibers,  were  sought.  Also  sought  were  effects  on  the  superior  cervical 
ganglion  of  the  rabbit  because  it  contains  not  only  neuron  cell  bodies 
but  also  numerous  synaptic  junctions  at  which  acetylcholine  and 
norepinephrine  are  released. 

Each  vagus  nerve  or  superior  cervical  ganglion  was  mounted  within  the 
waveguide  (parallel  or  perpendicular  to  the  E-vector),  with  one  end 
passing  through  an  appropriate  hole  in  the  waveguide  wall  to  a  pair  of 
stimulation  electrodes  and  the  other  end  through  the  opposing  hole  to 
recording  electrodes.  Before,  during,  and  after  exposure  to  RFR,  each 
specimen  was  stimulated  with  a  0.3-millisecond  current  pulse  of  0.3-30 
mA  at  2-second  intervals.  The  compound  action  potentials  (CAPs)  were 
recorded  and  their  conduction  velocity  and  amplitude  were  determined. 

Vagus  nerves  were  exposed  to  1-microsecond  RFR  pulses  at  1000  pps  or 
10-microsecond  pulses  at  100  pps  for  10-min  periods  at  average  SARs  of 
0.3,  3,  30,  and  220  W/kg  or  to  CW  RFR  at  the  same  SARs,  with  5  min 
between  exposures.  The  superior  cervical  ganglia  were  exposed  for  only 
5-min  periods  because  of  their  shorter  lifetimes.  Specimens  were  also 
exposed  to  pulsed  RFR  at  an  SAR  of  220  W/kg  average  (220  kW/kg  peak)  and 
to  CW  RFR  at  1500  W/kg  in  the  absence  of  current-pulse  stimulation  to 
test  for  the  possibility  of  direct  RFR  stimulation. 

The  temperature  of  the  solution  at  the  fluid  outlet  of  the  waveguide 
section  was  held  constant  at  37  +/-  0.02  deg  C  during  exposure.  At  the 
higher  RFR  levels,  however,  the  fluid  temperature  at  the  center  of  the 
mounted  specimen  (measured  with  a  nonperturbing  probe)  rose  by  as  much 
as  1  deg  C  because  of  the  limited  circulation  rate  of  the  pump.  Frog- 
sciatic  and  cat-saphenous  nerves  were  studied  in  similar  fashion,  but 
the  frog  preparations  were  immersed  in  amphibian  Ringer's  solution  held 
at  room  temperature  instead  of  mammalian  Ringer's  solution  at  37  deg  C. 

For  exposures  of  stimulated  preparations  to  pulsed  or  CW  RFR  in  either 
orientation  relative  to  the  E  vector  at  SARs  that  did  not  increase  the 
fluid  temperature  near  the  center  of  the  specimen,  no  changes  in  either 
amplitude  or  conduction  velocity  of  the  CAP  were  observed.  At  the  SARs 
that  increased  the  fluid  temperature  by  1  deg  C,  a  slight  increase  in 
conduction  velocity  was  obtained,  exemplified  by  the  conduction  velocity 
and  peak  CAP  amplitude  vs  time,  shown  in  Fig.  5  of  the  paper,  for  a  cat 
saphenous  nerve  exposed  to  CW  RFR  at  1500  W/kg  parallel  to  the  E-vector. 
During  exposure,  the  temperature  increased  by  1  deg  C  and  the  conduction 
velocity  increased  by  about  2Z,  but  the  amplitude  variations  displayed 
were  small  and  apparently  not  RFR-dependent .  This  conduction-velocity 
increase  was  reproduced  by  raising  the  temperature  of  the  solution  1  deg 
C  by  non-RFR  means. 


Figure  6  of  the  paper  showed  CAP  recordings  for  a  stimulated  rabbit 
vagus  nerve  before,  during,  and  after  exposure  to  10-raicrosecond  pulses 
(100  pps)  at  220  kW/kg  peak,  and  to  CW  RFR  at  1500  W/kg,  with  the  nerve 
perpendicular  to  the  E-vector.  For  the  pulsed-RFR  case,  the  solution 
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temperature  rose  0.3  deg  C,  which  increased  the  conduction  velocity 
slightly  (from  117  to  118  m/s).  For  the  CW  case,  the  temperature  rise 
of  the  solution  was  1  deg  C,  which  increased  the  conduction  velocity 
from  117  to  135  m/ s .  An  equivalent  rise  in  solution  temperature  by  non- 
RFR  means  yielded  the  same  velocity  increase. 

The  CAP  recordings  for  a  rabbit  superior  cervical  ganglion  mounted  at 
right  angles  to  the  E-vector  and  exposed  to  1-microsecond  pulses  (1000 
pps)  and  to  CW  RFR  at  the  same  SARs  as  the  vagus  nerve  were  shown  in 
Fig.  7  of  the  paper.  For  the  pulsed  RFR,  the  temperature  rise  of  the 
solution  was  0.3  deg  C  as  before,  but  the  latency  time,  17  ms,  remained 
unchanged.  The  temperature  increase  produced  by  the  CW  RFR  was  again  1 
deg  C,  and  the  latency  time  decreased  to  16  ms,  a  result  reproduced  by 
increasing  the  solution  temperature  1  deg  C  by  non-RFR  means. 

In  the  absence  of  stimulation  by  current  pulses,  no  direct  stimulatory 
effects  of  exposure  were  observed  at  the  highest  available  SARs  (pulsed 
RFR  at  220  kW/kg  peak  or  CW  RFR  at  1500  W/kg). 

In  addition  to  nerve  preparations,  Chou  and  Guy  (1978)  investigated 
the  effects  of  RFR  on  contraction  of  rat  diaphragm  muscle.  A  muscle 
tension  transducer  was  designed  so  that  during  contraction,  a  shutter 
between  a  light-emitting  diode  and  a  photoresistor  would  alter  the 
transmission  of  infrared  light  from  the  diode  to  the  resistor  and  hence 
the  voltage  across  the  resistor  in  proportion  to  the  tension. 

Diaphragm  muscle  with  right  and  left  phrenic  nerves  were  excised  and  a 
section  about  4  sq  cm  of  the  sternocostal  portion  of  the  muscle  was 
dissected  in  Ringer's  solution.  Strings  sutured  on  the  central  tendon 
and  residual  intercostal  muscles  were  pulled  through  small  opposing 
holes  on  the  narrower  walls  of  the  waveguide.  Two  Plexiglas  chambers 
attached  to  the  exterior  waveguide  walls  served  to  support  the  muscle 
under  tension,  and  a  third  provided  an  access  port  for  stimulating  the 
phrenic  nerve.  The  muscle  was  fixed  at  one  end  and  connected  to  the 
tension  transducer  near  the  other  end  by  the  strings. 

Current  pulses  0.3  ms  in  width  and  0.3-30  mA  in  amplitude  were  applied 
to  the  phrenic  nerve  once  every  5  seconds  for  single-twitch  experiments 
and  15-30  per  second  for  tetanus  experiments.  The  muscles  were  exposed 
to  the  pulsed  or  CW  RFR  at  each  SAR  for  5  min,  with  intervals  of  5-10 
min  between  exposures. 

A  transient-averaging  computer  was  used  to  obtain  plots  of  mean  ten¬ 
sion  vs  time  for  10  single  twitches.  The  mean  s ing 1 e-twi tch  tension  for 
a  muscle  before,  during,  and  after  exposure  to  1-microsecond  pulses 
(1000  pps)  at  220  kW/kg  peak  and  to  CW  at  1500  W/kg  were  displayed  in 
Fig.  8  of  the  paper.  The  pulsed  RFR  increased  the  solution  temperature 
0.2  deg  C,  but  had  little  effect  on  twitch  tension.  The  CW  RFR  in¬ 
creased  the  solution  temperature  by  1  deg  C,  a  rise  accompanied  by  a 
decrease  in  tension  amplitude  and  a  reduction  of  latency  time.  The 
postexposure  values  of  tension  amplitude  and  latency  time  were  even 
smaller;  however,  these  exposure  and  postexposure  results  were  replica- 
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ted  by  a  non-RFR- induced  solution-temperature  increase  of  1  deg  C. 

Plots  of  mean  tetanus  tension  for  a  muscle  stimulated  with  0.3-ras,  30- 
mA  pulses  at  15  pps  and  exposed  to  maximum  pulsed  and  CW  SARs  (220  kW/kg 
and  1500  W/kg)  during  the  decreasing  phase  of  tetanic  contraction  were 
displayed  in  Fig.  9  of  the  paper.  No  RFR-induced  changes  were  evident. 
Tests  to  determine  whether  the  RFR  at  these  SARs  directly  altered  the 
tension  of  muscles  not  stimulated  with  current  pulses  also  yielded  no 
effects . 

In  their  discussion,  the  authors  noted  that  their  negative  results  at 
SARs  that  did  not  increase  the  solution  temperature  were  at  variance 
with  those  of  Kamenskii  (1964,  1968),  Rothmeier  (1970),  and  Portela  et 
al.  (1975).  However,  the  nerve  preparations  of  Kamenskii  and  Rothmeier 
were  exposed  to  RFR  in  air,  so  the  SARs  could  have  been  high  even  though 
the  incident  power  densities  were  low. 

The  authors  also  indicated  that  their  negative  findings  in  the  absence 
of  current-pulse  stimulation  do  not  support  the  hypothesis  of  direct 
neural  stimulation  proposed  by  Frey  (1971)  as  the  basis  for  the  RFR- 
auditory  effect  or  that  RFR  causes  neurotransmitter  release  in  isolated 
turtle  hearts  by  excitation  of  nerve  remnants  (Tinney  et  al . ,  1976). 

It  is  important  to  emphasize  that  the  RFR  fields  were  present  within 
the  preparations  irrespective  of  their  temperature  equilibration  with 
the  Ringer's  solution,  i.e.,  even  when  the  capabilities  of  the  circula¬ 
tion  system  were  adequate  to  avoid  discernible  temperature  rises  there¬ 
in.  Thus,  a  hypothesis  that  changes  in  neural  CAPs  or  muscle  tension 
might  be  produced  by  the  fields  per  se  (i.e.,  nonthermally )  is  negated 
by  the  absence  of  such  effects  at  the  SARs  that  yielded  no  measurable 
rises  in  solution  temperature.  On  the  other  hand,  the  positive  results 
at  the  SARs  that  increased  the  solution  temperature  were  clearly  ther¬ 
mal,  as  evidenced  by  their  replication  with  non-RFR  means.  It  is  also 
likely  that  the  preparations  were  heated  by  contact  with  the  fluid 
rather  than  by  RFR  absorption,  because  these  results  were  insensitive  to 
orientation  of  the  preparations  relative  to  the  E-vector. 

The  numbers  of  nerve  and  muscle  preparations  of  each  type  studied  were 
not  indicated.  Presumably  the  single  results  presented  for  each  type 
were  representative,  but  they  provided  no  indication  of  how  reproducible 
such  results  were.  Representative  results  for  the  frog  sciatic  nerve 
were  not  presented. 

McRee  and  Wachtel  (1980)  exposed  isolated  frog  sciatic  nerves  to  2.45- 
GHz  CW  RFR  from  below  in  a  waveguide  system  similar  to  that  used  by  Chou 
and  Guy  (1978).  Two  thin-wall  polyethylene  tubes  2  mm  in  diameter  were 
placed  along  a  transverse  centerline  of  the  waveguide,  presumably  in  the 
orientation  parallel  to  the  electric  vector  of  the  TE10  mode.  One  tube 
was  located  in  proximity  to  the  slab;  the  other  was  located  5  cm  above 
the  slab  surface,  where  the  intensity  of  the  RFR  was  negligible  because 
of  the  attenuation  by  the  solution.  One  sciatic  nerve  from  each  frog 
was  pulled  through  the  lower  tube  for  exposure  and  its  mate  was  pulled 
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through  the  other  tube  as  control.  The  tubes  were  used  to  preclude 
effects  of  toxic  ions  in  the  waveguide  solution  and  to  prevent  leakages 
that  could  shunt  the  electrodes.  Both  tubes  were  filled  with  Ringer's 
solution.  Stimulation  electrodes  were  attached  at  one  end  of  each  nerve 
outside  the  waveguide,  and  recording  electrodes  were  attached  at  the 
opposite  ends. 

SARs  of  the  Ringer's  solution  at  the  lower  nerve  site  were  calculated 
as  in  Chou  and  Guy  (1978).  To  determine  whether  the  polyethylene  tubes 
significantly  altered  the  absorption  characteristics  of  the  solution, 
temperature-vs-tirae  profiles  were  measured,  during  exposure  at  100  V/kg 
for  60  min,  with  small  glass-coated  thermistors  at  locations  within  the 
tubes,  just  outside  the  tubes,  and  at  the  tube  sites  in  their  absence. 
The  profile  for  the  site  next  to  the  lower  tube  was  slightly  higher  than 
for  inside  that  tube,  and  the  latter  profile  was  slightly  higher  than 
for  the  site  in  the  absence  of  the  tube,  but  the  differences  were  no 
greater  than  0.1  deg  C  (at  100  W/kg).  The  differences  among  profiles 
for  the  control  tube  were  negligible. 

As  noted  by  the  authors,  for  a  short  period  after  a  nerve  is  stimula¬ 
ted  to  fire  by  a  current  pulse,  it  is  relatively  refractory  (less  re¬ 
sponsive  to  a  second  pulse).  Thus,  in  the  absence  of  fatigue,  presen¬ 
tation  of  two  pulses  spaced  at  an  interval  longer  than  the  refractory 
period  would  yield  two  compound-action-potential  (CAP)  responses  of  the 
same  shape  and  magnitude.  However,  as  a  nerve  fatigues  from  repeated 
stimulatory  activity,  its  refractory  period  increases.  Therefore,  the 
amplitudes  of  CAP  responses  to  second  pulses  (second-CAP  responses) 
spaced  from  first  pulses  at  intervals  equal  to  the  initial  refractory 
period  diminish  with  time  relative  to  the  amplitudes  of  the  CAPs  for  the 
first  pulses  (first-CAP  responses). 

Since  the  refractory  period  for  a  healthy  frog  sciatic  nerve  is 
slightly  longer  than  5  ms,  the  exposed  and  control  nerves  were  both 
stimulated  with  pairs  of  current  pulses  spaced  5  ms  apart,  so  that  the 
second  pulse  would  occur  at  almost  the  end  of  the  initial  refractory 
period.  Thus,  time  changes  of  the  refractory  period  of  the  control 
nerve  could  be  observed  concurrently  with  possible  alterations  thereof 
in  the  nerve  exposed  to  RFR.  At  the  beginning  of  each  experiment,  both 
nerves  were  stimulated  for  10  min  with  pulse  pairs  at  a  repetition  rate 
of  5  pairs  per  second  with  no  RFR  present,  allowing  the  nerves  to 
stabilize.  The  repetition  rate  was  then  increased  to  50  pairs  per 
second  and  exposure  to  RFR  at  the  desired  SAR  was  begun. 

In  the  first  series  of  experiments,  nerves  were  exposed  at  100,  50, 
and  20  W/kg  for  60  min  at  each  SAR  without  circulation  of  the  solution 
in  the  waveguide.  As  a  consequence,  the  temperature-time  profile  for 
the  exposed  nerve  at  each  SAR  was  higher  than  for  the  control  nerve, 
with  a  difference  of  about  0.5  deg  C  at  100  W/kg.  In  this  series,  the 
stimulus  magnitude  of  the  pulse  pair  was  set  to  yield  maximal  CAP 
amplitude  for  the  first  pulse  and  half-maximal  CAP  amplitude  for  the 
second  pulse. 
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Representative  recordings  for  50  W/kg  were  displayed  in  Fig.  6  of  the 
paper.  The  amplitudes  of  the  first  and  second  CAPs  for  the  exposed 
nerve  after  5  rain  of  exposure  were  slightly  smaller  than  corresponding 
values  for  the  control  nerve,  with  minor  shape  differences  discernible. 
After  43  min,  the  CAPs  of  the  control  nerve  had  diminished  slightly 
(retaining  the  2:1  ratio  between  first  and  second  amplitudes)  but  the 
CAPs  of  the  exposed  nerve  had  diminished  much  more.  At  55  min,  further 
diminution  of  the  CAPs  of  the  control  nerve  had  occurred  but  the  CAPs  of 
the  exposed  nerve  had  become  barely  discernible  on  the  scale  used. 

To  quantify  CAP  changes  and  to  account  for  vitality  changes  in  control 
nerves,  the  "half-decay  time  ratio"  (HDTR)  for  each  CAP  was  defined  as 
the  time  necessary  for  the  CAP  of  the  exposed  nerve  to  decrease  to  half 
its  value,  divided  by  the  half-value  time  for  the  corresponding  CAP  of 
the  control  nerve.  Thus,  values  of  HDTR  less  than  unity  indicated  that 
the  exposed  nerve  decayed  faster  than  the  control  nerve,  and  vice  versa 
for  HDTRs  larger  than  unity. 


The 

HDTRs  for  the 

first  series 

were  given  in 

Table  I  of  the  paper 

(adapted  and 

presented  below  as 

Table  23). 

TABLE  23 

:  HALF- 

DECAY  TIME  RATIOS  (HDTRs) 

FOR  FIRST  SERIES 

EXPER . 

SAR  (W/kg)  FIRST-CAP  HDTR 

SECOND-CAP  HDTR 

5-23 

100 

0.99 

0.48 

5-24 

100 

0.56 

0.35 

8-30 

100 

0.80 

0.83 

9-8 

100 

1.00 

0.25 

Means 

0.79 

0.39 

6-1 

50 

0.96 

0.79 

6-7 

50 

0.82 

0.50 

6-8 

50 

0.79 

0.86 

6-17 

50 

0.23 

0.21 

9-18 

50 

0.71 

0.78 

9-19 

50 

0.40 

0.61 

Means 

0.51 

0.49 

6-14 

20 

1.00 

0.59 

6-16 

20 

0.67 

0.50 

9-20 

20 

1.00 

1.00 

9-22 

20 

0.70 

0.74 

Means 

0.82 

0.66 

The 

authors 

stated 

:  "The  times 

for  the  CAPs 

of  the  exposed  nerves 

decay  to  half  amplitude  for  all  SARs  ...  were  less  than  for  the  CAPs  of 
the  unexposed  nerves.  Although  no  clear  dose-response  relationship 
could  be  detected  for  the  first  CAP  decay,  a  faster  decrease  in 
amplitude  of  the  second  CAP  did  occur  with  increasing  dose  (SAR)." 


It  is  noteworthy  that  presentation  of  the  HDTRs  for  each  nerve  in 
Table  23  permitted  not  only  a  check  of  the  means  but  also  calculation  of 
the  standard  deviations  (SDs),  not  given  in  the  paper.  Surprisingly, 
all  of  the  means  shown  in  Table  23  were  in  error.  The  correct  means  and 
SDs  are  shown  in  Table  24: 


TABLE  24:  CORRECT  MEAN  HALF-DECAY  TIME  RATIOS  FOR  FIRST  SERIES 


SAR  (W/kg) 

FIRST-CAP  HDTR  (+/-SD) 

SECOND-CAP  HDTR  (+/-SD) 

100 

0.84  ♦/-  0.21 

0.48  +/-  0.25 

50 

0.65  +/-  0.28 

0.63  +/-  0.24 

20 

0.84  +/-  0.18 

0.71  +/-  0.22 

The  considerable  variations  among  the  individual  results  for  each  SAR 
were  probably  not  RFR-related.  By  using  the  corrected  values,  dose- 
dependency  was  examined  with  the  1-tailed  t-test,  which  showed  that  the 
differences  among  the  first-CAP  means  for  100,  50,  and  20  W/ kg  were 
statistically  nonsignificant  (p>0.05).  This  was  also  true  for  the 
second  CAPs  of  the  first  series.  At  100  V/kg,  however,  the  mean  second- 
CAP  HDTR  was  significantly  lower  than  the  mean  first-CAP  HDTR. 


Also  performed  in  the  first  series  were  three  experiments  in  which  the 
temperature  gradient  between  exposed  and  control  nerves  was  reversed  by 
using  an  infrared  (IR)  source  to  heat  the  control  nerve  (in  the  absence 
of  RFR)  to  obtain  the  same  differential  level  as  that  with  RFR  (but  with 
the  top  nerve  hotter  than  the  bottom  one).  A  reasonable  simulation  of 
the  100-V/kg  temperature  profile  was  achieved  for  the  upper  nerve  in 
this  manner.  No  CAP  results  for  the  IR  experiments  were  presented,  but 
the  authors  indicated  that  there  was  no  significant  difference  in  CAP 
decay  time  between  the  upper  (IR-heated)  and  the  lower  (unheated) 
nerves.  They  therefore  concluded:  "From  these  results  it  would  appear 
that  the  effects  obtained  are  not  due  to  a  difference  in  temperature  of 
the  nerves  but  are  specific  to  the  microwave  radiation."  In  their 
discussion,  however,  they  stated:  "Although  elevating  the  temperature  of 
the  nerve  did  not  have  the  same  effect  on  vitality  as  microwaves,  the 
conclusion  that  the  effect  on  vitality  is  microwave  specific  does  not 
preclude  the  possibility  that  nonuniforra,  localized  heating  or  thermal 
gradients  inside  the  nerves  are  the  mechanisms  producing  the  effect." 


In  the  second  series  of  experiments,  the  Ringer's  solution  within  the 
waveguide  was  circulated  through  a  temperature-controlled  water  bath. 

In  this  manner,  the  exposed  and  control  nerves  were  maintained  at  24  +/- 
0.05  deg  C  for  all  SARs.  The  stimulus  was  set  to  produce  equal  maximal 
first  and  second  CAPs.  Exposures  were  done  at  0,  5,  10,  and  20  W/kg  but 
only  the  results  for  0,  5,  and  10  W/kg  were  presented.  (Two  experiments 
of  the  second  series  were  done  at  20  W/kg;  no  data  were  presented,  but 
the  authors  stated  that  since  the  results  were  basically  the  same  as 
those  of  the  first  scries  at  20  W/kg,  higher  SARs  were  not  used.) 

Typical  recordings  for  exposure  2,  50,  105,  and  172  rain  at  10  W/kg 

260 


v. 


were  presented  in  Fig.  7  of  the  paper.  At  2  min,  there  was  little 
difference  between  the  first  and  second  CAPs  for  either  nerve  or  between 
the  two  nerves.  At  50  rain,  the  second  CAP  of  the  control  nerve  had 
diminished  relative  to  its  first  CAP,  indicating  that  the  control  nerve 
had  lost  some  vitality.  However,  this  effect  was  more  pronounced  for 
the  exposed  nerve.  By  105  min,  the  first  CAPs  of  both  nerves  and  the 
second  CAP  of  the  control  nerve  had  diminished,  but  the  second  CAP  of 
the  exposed  nerve  was  no  longer  evident.  By  172  min,  the  first  and 
second  CAPs  of  the  control  nerve  had  both  decreased  considerably,  but 
both  CAPs  of  the  exposed  nerve  were  absent. 

The  HDTRs  obtained  in  the  second  series  are  shown  in  Table  25  (adapted 
from  Table  II  of  the  paper).  A  check  showed  the  means  to  be  correct; 
the  SDs  are  also  shown. 


TABLE  25:  HALF-DECAY  TIME  RATIOS  (HDTRs)  FOR  SECOND  SERIES 


EXPER. 

SAR 

(W/kg) 

FIRST-CAP  HDTR 

SECOND-CAP  HDTR 

5-24 

0 

1.40 

1.57 

7-11 

0 

1.21 

1.00 

7-13 

0 

1.11 

1.04 

Means 

and 

SDs 

1.24  +/- 

0.15 

1.20  +/- 

0.32 

6-28 

5 

1.21 

1.19 

7-05 

5 

0.75 

0.68 

7-07 

5 

1.91 

0.97 

7-16 

5 

1.07 

1.22 

Means 

and 

SDs 

1.24  +/- 

0.49 

1.02  +/- 

0.25 

5-19 

10 

0.64 

0.50 

6-21 

10 

0.35 

0.55 

6-22 

10 

0.36 

0.40 

7-12 

10 

0.74 

0.17 

Means 

and 

SDs 

0.52  +/- 

0.20 

0.41  +/- 

0.17 

In  their  discussion,  the  authors  concluded  that  the  SAR  threshold  was 
between  5  and  10  W/kg  and  that  the  effect  was  not  reversible,  since  on 
termination  of  exposure,  the  nerves  did  not  revitalize  or  increase  their 
activity  above  that  at  the  end  of  exposure. 

It  is  interesting  that  the  first-CAP  means  for  0  and  5  W/kg  were  both 
much  larger  than  unity  (1.24),  indicating  that  the  control  nerves  had 
decayed  faster  than  the  exposed  nerves;  however,  the  mean  value  at  10 
W/kg  was  less  than  unity  (0.52)  and  the  decrease  was  significant  by  the 
1-tailed  t-test.  Also,  the  second-CAP  mean  was  larger  than  unity  at  0 
W/kg,  about  unity  at  5  W/kg,  and  less  than  unity  at  10  W/kg;  the  means 
for  0  and  5  W/kg  did  not  differ  significantly,  but  the  mean  for  10  W/kg 
was  significantly  lower  than  for  5  W/kg.  Thus,  these  results  support 
the  existence  of  a  threshold  between  5  and  10  W/kg,  but  the  occurrence 
of  HDTRs  larger  than  unity  indicates  that  uncontrolled  non-RFR  factors 
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were  present  (ascribed  by  the  authors  to  "natural  variability  of  living 
nerves").  On  the  other  hand,  none  of  the  HDTRs  in  the  corrected  results 
for  the  first  series  (Table  24)  exceeded  unity  and  all  of  the  means  were 
much  less  than  unity,  but  the  means  showed  no  statistically  significant 
SAR  dependence  (20  W/kg  and  higher).  Thus,  it  is  difficult  to  determine 
the  relative  importance  of  RFR  and  non-RFR  factors  in  this  study. 

In  a  subsequent  study,  McRee  and  Wachtel  (1982)  used  2.45-GHz  pulsed 
RFR  (10-microsecond  pulses  at  50  pps)  at  an  average  SAR  of  10  W/'kg  (20 
kW/kg  peak)  in  the  same  exposure  system  to  study  and  compare  the  effects 
on  frog  sciatic  nerves  with  those  obtained  previously  with  2.45-GHz  CW 
RFR  at  10  W/kg  (McRee  and  Wachtel,  1980). 

In  this  as  in  the  previous  study,  the  stimulus  was  set  such  that  the 
initial  first  and  second  CAPs  were  maximal  and  approximately  equal  in 
magnitude.  At  the  start  of  each  experiment,  both  nerves  were  stimulated 
for  10  min  in  the  absence  of  RFR  with  pulse  pairs  at  a  repetition  rate 
of  5  pairs  per  second,  which  allowed  the  nerves  to  stabilize.  The 
repetition  rate  was  then  increased  to  50  pairs  per  second  (i.e.,  twin- 
pulse  stimulation  was  done  at  20-ms  intervals)  and  RFR  exposure  was 
begun  (at  10  W/kg  average). 

The  10-microsecond  RFR  pulses  were  delivered  at  50  pulses  per  second, 
i.e.,  at  20-ms  intervals.  In  one  set  of  experiments,  the  RFR  pulses 
were  synchronous  with  the  peak  of  the  CAP.  In  another  set,  they  were 
timed  to  arrive  during  the  15-ras  quiescent  intervals  between  successive 
5-ms  twin-pulse  stimulations.  In  still  another  set,  the  RFR  pulses  were 
made  to  arrive  asynchronously,  i.e.,  at  various  times  during  the  5-ms 
stimulation  intervals. 

The  authors  did  not  present  any  representative  CAP  recordings,  but 
they  described  the  results  qualitatively  as  follows:  "During  exposure 
the  exposed  nerves  first  underwent  a  prolongation  of  their  refractory 
period  as  evidenced  by  a  decrease  in  amplitude  of  the  second  CAP.  This 
prolongation  of  the  refractory  period  and  decrease  in  the  second  CAP 
usually  were  observable  after  20  to  30  min  of  exposure.  Later  in  the 
exposure,  severe  decreases  in  maximal  CAP  amplitude  occurred.  During 
the  same  periods  the  control  nerves  showed  little  change  in  these 
characteristics." 

As  in  the  previous  study,  the  HDTR  (half-decay  time  ratio)  was  used  to 
quantify  RFR-induced  effects  on  CAPs  and  to  account  for  vitality  changes 
in  control  nerves.  The  HDTRs  for  the  first  and  second  CAPs  derived  from 
five  experiments  with  RFR  pulses  delivered  in  phase  with  the  peak  of  the 
CAP  are  shown  in  Table  26  (Table  I  of  this  paper,  in  which  the  authors 
did  include  the  SDs). 


TABLE  26:  HALF-DECAY  TIME  RATIOS  (HDTRs )  FOR  RFR  PULSES  IN 
SYNCHRONY  WITH  THE  PEAK  OF  THE  COMPOUND  ACTION  POTENTIAL 


EXPER. 

FIRST-CAP  HDTR 

SECOND-CAP  HDTR 

12-3 

0.72 

0.74 

12-7 

0.76 

0.71 

12-12 

0.35 

0.60 

12-14 

0.26 

0.43 

12-19 

0.30 

0.49 

Means  and  SDs 

0.58  +/-  0.25 

0.59  +/-  0.14 

Surprisingly  again,  there  were  errors:  the  correct  first-CAP  mean  and 
SD  are  0.48  +/-  0.24;  the  second-CAP  mean  was  correct  but  the  correct  SD 
is  0.13.  However,  these  errors  were  not  material  because  the  difference 
in  means  was  not  significant  in  either  case.  All  10  individual  ratios 
were  less  than  unity,  indicating  that  both  the  first  and  second  CAP  of 
each  exposed  nerve  had  decayed  faster  than  its  control  nerve. 

Tables  27  and  28  (Tables  II  and  III  of  the  paper)  displayed  the  mean 
first-  and  second-CAP  ratios  and  SDs  for  the  five  experiments  with 
synchronous  RFR  pulses  out  of  phase  with  the  peak  of  the  CAP  and  for  the 
six  experiments  with  asynchronous  RFR  pulses,  respectively. 

TABLE  27:  HALF-DECAY  TIME  RATIOS  (HDTRs)  FOR  RFR  PULSES  OUT 
OF  PHASE  WITH  THE  PEAK  OF  THE  COMPOUND  ACTION  POTENTIAL 


EXPER. 

12-31 

1-3 

1-4A 

1- 4B 

2- 25 

Means  and  SDs 


FIRST-CAP  HDTR 

0.85 

0.55 

0.93 

0.53 

0.46 

0.66  +/-  0.21 


SECOND-CAP  HDTR 

0.71 

0.57 

0.73 

0.60 

0.63 

0.65  +/-  0.07 


TABLE  28:  HALF-DECAY  TIME  RATIOS 


(HDTRs)  FOR  ASYNCHRONOUS  RFR  PULSES 


EXPER. 

2-26A 
2-26B 
2-21  k 

\  2-27B 

2-28 

2-29 

Means  and  SDs 

i 

I 


FIRST-CAP 

HDTR 

SECOND-CAP  HDTR 

0.82 

0.83 

0.31 

0.93 

0.60 

0.71 

0.36 

0.33 

0.44 

0.61 

0.45 

0.76 

0.50  +/- 

0.21 

0.69  +  /-  0.21 

The  means  and  SDs  in  Table  27  were  correct  and  small  errors  in  Table 


28  were  inconsequential.  In  both  sets  of  experiments,  all  the  ratios 
were  also  less  than  unity,  but  the  first-CAP  and  second-CAP  means  did 
not  differ  significantly.  The  authors  stated:  "In  all  cases  both  CAPs 
of  the  exposed  nerves  lost  their  vitality  in  a  shorter  time  than  in  the 
control  nerves.  Statistical  examination  of  the  data  was  performed  using 
both  the  analysis  of  variance  and  the  two-sided  t  test.  In  all  cases 
the  loss  of  vitality  of  the  exposed  nerve  was  highly  significant 
(P<«0.01)  when  compared  to  that  of  the  control  nerve.  However,  no 
significant  difference  in  loss  of  vitality  was  detected  with  different 
phasing  of  the  microwave  pulses  with  the  CAPs."  A  minor  comment  about 
the  statistical  treatment  is  that  perhaps  the  authors  should  have  used 
the  1-tailed  instead  of  the  2-tailed  t-test,  because  the  outcome  sought 
was  unidirectional  (loss  of  nerve  vitality). 

The  less-than-unity  HDTRs  displayed  in  the  three  tables  of  the  paper 
clearly  indicate  that  the  vitality  of  every  exposed  nerve,  as  assessed 
from  the  first  and  second  CAPs  separately,  diminished  more  rapidly  than 
that  of  its  control  nerve.  Not  clear,  however,  is  the  interpretation  of 
the  observation  that  some  of  the  second-CAP  HDTRs  were  larger  than  their 
corresponding  first-CAP  HDTRs.  For  example,  the  first-CAP  and  second- 
CAP  HDTRs  obtained  in  one  of  the  experiments  with  RFR  pulses  at  the  peak 
of  the  CAP  response  were  respectively  0.35  and  0.60  (Table  26).  One 
possible  interpretation  of  this  result  is  that  the  second-CAP  time  of 
the  control  nerve  had  not  changed  materially  relative  to  its  first-CAP 
time  (as  befits  an  adequate  control)  and  that  the  second-CAP  time  of  the 
exposed  nerve  had  increased  about  711  relative  to  its  first-CAP  time,  a 
biologically  unlikely  result.  A  more  tenable  interpretation  is  that  the 
second-CAP  time  of  the  control  nerve  had  decreased  materially  while  that 
of  the  exposed  nerve  also  had  decreased,  but  less  so.  If  this  had  been 
the  case,  then  there  were  uncontrolled  non-RFR  factors  present  in  the 
experiment . 

The  case  above  is  not  unique.  Specifically,  the  second-CAP  mean  HDTR 
for  that  set  of  experiments  (0.59)  was  23X  larger  than  the  (corrected) 
first-CAP  mean  (0.48);  also,  the  first-  and  second-CAP  means  shown  in 
Table  28  were  0.50  and  0.69,  respectively.  It  is  interesting  that  in 
the  study  with  CW  RFR  (McRee  and  Wachtel,  1980),  there  were  also  a  few 
isolated  cases  similar  to  those  above,  but  all  of  the  second-CAP  means 
were  smaller  than  their  corresponding  first-CAP  means. 

On  the  overall  findings  of  this  study,  the  authors  noted:  "It  would 
seem  reasonable  that  if  pulse-microwave  radiation  had  an  immediate  ef¬ 
fect  on  the  sciatic  nerve,  it  would  have  been  greater  with  the  pulses 
delivered  during  the  firing  of  the  nerve.  Our  results  showed  that  the 
increased  rate  of  loss  of  vitality  of  the  exposed  nerves  did  not  depend 
upon  the  phasing  of  the  microwave  pulses  with  the  nerve  action  poten¬ 
tial.  Asynchronous  microwave  pulses  which  moved  randomly  through  the 
action  potential,  pulses  synchronized  with  the  peak  of  the  action  poten¬ 
tial,  or  pulses  synchronized  with  the  quiescent  period  of  the  action 
potential  produced  the  same  effect  on  vitality."  They  also  noted  that 
by  analysis  of  variance,  there  were  no  significant  differences  in  the 
effects  on  nerve  vitality  of  2.45-GHz  CW  and  pulsed  RFR  at  10  W/kg . 


The  findings  of  the  two  studies  by  McRee  and  Wachtel  (1980,1982) 
appear  to  be  contrary  to  the  negative  results  reported  by  Chou  and  Guy 
(1978)  for  exposure  of  isolated  nerves  from  the  cat  and  rabbit  to  CW  and 
pulsed  2.45-GHz  RFR.  As  previously  noted,  however,  Chou  and  Guy  (1978) 
did  not  present  any  data  for  the  frog. 

3. 4. 2. 2  IN-VITRO  HISTOCHEMICAL  EFFECTS 

Olcerst  and  Rabinowitz  (1978)  performed  experiments  to  determine 
whether  2.45-GHz  RFR  alters  the  activity  of  the  enzyme  acetylcholin¬ 
esterase  (AChE)  in  purified  form  (at  a  concentration  of  5  units  per  ml 
in  0.1  M  phosphate  buffer)  or  the  activity  of  AChE  in  defibrinated  rab¬ 
bit  blood.  Enzyme  assays  of  purified  samples  at  room  temperature  and 
blood  samples  at  37  deg  C  were  performed  by  recording  spectrophotometer. 
The  authors  noted  that  changes  in  enzyme  activity  could  affect  the  con¬ 
centration  of  bivalent  cations  in  blood  serum.  Such  assays  were 
performed  by  atomic  absorption  spectroscopy. 

In  each  experiment,  two  1 . 5-ml  samples,  each  within  a  jacketed  quartz 
cell,  were  placed  within  an  anechoic  chamber,  one  sample  for  exposure  at 
a  distance  of  12.7  cm  (about  one  wavelength)  from  the  crossover  of  a 
horizontally  directed  diathermy  antenna  and  the  other  sample  at  a  site 
that  was  shielded  from  the  RFR  as  a  control.  The  exposure  levels  were 
calibrated  by  measuring  the  power  densities  at  various  distances  from 
the  crossover  with  an  NBS  power  density  meter  for  several  values  of 
source  power  (determined  with  a  bidirectional  coupler).  For  cooling 
during  exposure,  paraffin  oil  (dielectric  constant  about  2.0)  was  pumped 
in  series  through  the  two  jackets  to  an  external  water  bath  maintained 
at  37  deg  C.  Sample  temperatures  were  not  monitored  during  exposure  but 
were  determined  from  cooling  curves  obtained  after  exposure  termination 
with  a  thermistor  probe.  The  authors  indicated  that  the  temperatures  of 
control  samples  tracked  those  of  the  exposed  samples  to  0.5  deg  C.  In 
some  experiments,  samples  were  not  cooled.  Control  runs  with  the  RFR 
off  were  also  made. 

In  one  set  of  experiments,  the  mean  initial  velocity  of  enzyme  acti¬ 
vity  (the  amount  of  substrate  cleaved  per  unit  time  just  after  exposure) 
was  determined  for  samples  of  purified  enzyme  in  buffer  exposed  to  2.45- 
GHz  CW  RFR  at  0,  10,  15,  25,  50,  75,  100,  or  125  mW/sq  cm  for  0.5  hr,  or 
at  0  or  25  mW/sq  cm  for  3  hr.  The  results  were  tabulated  as  means  and 
SDs  and  whether  or  not  each  result  was  statistically  significant  at  the 
95Z  confidence  level  (but  the  numbers  of  samples  tested  were  not  pre¬ 
sented).  Exposure  at  125  mW/sq  cm  for  0.5  hr  with  the  sample  uncooled 
yielded  the  only  result  stated  to  be  significant:  a  drop  in  mean  initial 
velocity  of  enzyme  activity. 

In  another  set  of  experiments,  the  initial  velocity  of  enzyme  activity 
in  defibrinated  rabbit  blood  (the  amount  of  substrate  cleaved  initially 
per  unit  time  per  red  blood  cell  counted  with  a  hemocytometer )  was 
determined  for  samples  maintained  at  37  +/-  0.5  deg  C  and  exposed  for  3 
hr  to  2.45-GHz  CW  or  square-wave-modulated  RFR  (0.75-ms  pulses  at  710 
pps)  at  0,  21,  35,  and  64  mW/sq  cm  (average  power  densities).  Tabulated 
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were  results  that  appeared  to  be  for  one  sample  per  exposure  condition, 
i.e.,  with  no  indication  of  statistical  treatment.  These  results  showed 
no  differences. 


The  release  of  bound  calcium  and  magnesium  from  rabbit  blood  cells  was 
investigated  in  a  third  set  of  experiments.  Samples  were  sham-exposed 
or  exposed  to  2.45-GHz  RFR  (presumably  CW)  for  3  hr  at  25  mW/sq  cm, 
after  which  the  serum  concentrations  of  Ca  and  Mg  ions  were  assayed. 

The  means  and  SDs  for  each  cation  were  presented  with  an  indication  that 
by  t-test,  none  of  the  differences  between  exposed  and  control  samples 
was  significant  (but  the  numbers  of  samples  tested  were  not  given). 


Regarding  their  only  positive  finding,  the  authors  noted  that  with  the 
samples  uncooled,  the  RFR  power  absorbed  was  sufficient  to  denature  the 
enzyme,  and  that  therefore  the  result  was  not  relevant  to  possible  in- 
vivo  effects  on  AChE.  However,  they  indicated  their  awareness  of  the 
limitations  of  postexposure  assays. 
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Galvin  et  al.  (1981c)  investigated  whether  the  activities  of  AChE  and 
creatine  phosphokinase  (CPK)  are  altered  by  in-vitro  exposure  to  RFR. 
They  exposed  AChE  derived  from  the  electric  eel  or  CPK  derived  from 
rabbit  muscle  to  2.45-GHz  CW  RFR  in  a  chamber  consisting  of  a  distilled- 
water-filled  waveguide  section.  The  input  end  of  the  section  was  sealed 
with  a  dielectric  slab  of  quarter-wavelength  thickness,  to  match  the 
impedance  of  the  section  to  that  of  air,  and  the  output  end  was  sealed 
with  a  short.  For  exposure  to  the  RFR,  a  cylindrical  tube  holding  4.2 
ml  of  sample  was  inserted  adjacent  to  the  dielectric  slab  through  holes 
in  the  waveguide  section  (with  the  tube  ends  outside  the  waveguide);  for 
control,  another  tube  of  sample  was  similarly  inserted  9.5  cm  along  the 
propagation  direction  from  the  first  tube,  at  which  the  RFR  level  was 
negligible  because  of  the  attenuation  by  the  intervening  water.  The 
contents  of  each  tube  were  stirred  magnetically  outside  the  waveguide 
and  their  temperatures  were  maintained  at  37.25  +  /-  0.25  deg  C  by  water 
circulating  continuously  through  the  waveguide. 

For  treatment  of  AChE,  0.025  ml  of  the  enzyme  was  added  to  4.0  ml  of 


phosphate  buffer  within  each  tube  and  the  mixture  was  incubated  for  5 
min  prior  to  exposure  to  equilibrate  to  37  deg  C  within  the  waveguide. 
For  treatment  of  CPK,  4.0  ml  of  substrate  solution  (CPK  -1)  in  each  tube 
was  allowed  to  equilibrate  for  5  min,  0.2  ml  of  CPK  was  then  added,  and 
the  RFR  was  turned  on.  Exposures  of  each  enzyme  were  at  SARs  of  1,  10, 


50,  or  100  W/kg.  At  the  start  of  exposure  and  at  every  2  min  afterward 
for  10  rain,  0.7-ral  aliquots  were  taken  from  each  tube  and  placed  in  test 
tubes  at  0  deg  C  to  stop  the  reaction.  To  maintain  uniform  exposure  of 
the  enzyme,  each  aliquot  removed  from  the  tubes  was  replaced  with  0.7  ml 
of  phosphate  buffer. 


Absorbance  values  for  the  aliquots  of  AChE  and  CPK  were  determined  by 
spectrophotometry  at  412  and  340  nra,  respectively,  with  corrections  for 
progressive  dilution  by  buffer  replacement  of  the  withdrawn  aliquots. 
Least-squares  regression  analysis  was  used  on  the  data  to  obtain  best- 
fit  lines,  and  the  paired  2-tailed  t-test  was  used  to  compare  reaction 


rates  of  each  RFR-exposed  enzyme  with  its  control.  In  an  auxiliary 
experiment,  the  AChE  and  CPK  activities  of  unexposed  diluted  samples 
(corrected  for  dilution)  were  compared  with  those  of  unexposed  undiluted 
samples;  the  differences  were  found  to  be  nonsignificant  (p>0.05),  thus 
confirming  the  validity  of  successive  dilution  in  exposure  experiments. 

Typical  plots  of  absorbance  vs  time  for  samples  exposed  at  50  W/kg  and 
corresponding  control  samples  showed  almost  coincident  linear  rises  for 
each  enzyme.  The  AChE  and  CPK  activities  for  samples  exposed  at  1,  10, 
50,  and  100  W/kg,  expressed  as  time  rate  of  change  in  absorbance,  did 
not  differ  significantly  from  their  respective  controls  or  from  each 
other,  thus  revealing  no  effect  of  the  RFR  at  any  of  the  levels  used. 

Millar  et  al.  (1984)  sought  possible  changes  in  AChE  from  exposure  to 
discrete  RFR  frequencies  in  the  range  2.375-2.700  GHz,  using  a  system 
designed  to  permit  optical  measurements  of  enzyme  activity  in  a  sample 
during  exposure.  The  exposure  system  consisted  basically  of  a  microwave 
stripline  with  its  short  axis  vertical.  Mounted  thereon  was  an  8-mm- 
square  sample  cell  3  mm  thick,  with  one  diagonal  vertical  and  pipes 
fitted  thereto  to  pump  sample  fluid  into  and  out  of  the  cell  and  to 
permit  escape  of  bubbles  in  the  sample.  The  normal  flow  rate  was  10 
ral/min,  the  sample  volume  was  0.192  ml,  and  the  total  volume  of  mixture 
circulated  was  about  4  ml ,  so  the  normal  volume  element  residence  time 
(cell  volume/flow  rate)  was  0.0192  min  (not  seconds,  as  stated  at  the 
top  of  p.  171)  or  1.15  seconds.  SARs  were  calculated  from  measurements 
of  forward,  reflected,  and  transmitted  powers  and  the  sample  volume. 

For  measurements  of  enzyme  activity  during  exposure,  a  light  beam  from 
a  monochromator  (450  nm)  was  piped  to  the  center  of  one  of  the  sides  of 
the  cell  by  a  quartz  fiber-optic  bundle.  Light  emerging  at  180  deg  from 
the  center  of  the  opposite  side  of  the  cell  was  similarly  conveyed  to 
another  monochromator  (450  nm)  and  thence  to  a  photomultiplier  with 
output  fed  to  a  photometer.  Light  emerging  from  the  center  of  one  of 
the  other  sides  of  the  cell,  scattered  at  90  deR  to  the  incoming  beam  by 
the  sample,  was  similarly  treated.  Enzyme  activities  were  determined 
alternately  in  the  presence  and  absence  of  RFR  with  four  fresh  samples 
each,  and  the  results  were  expressed  as  mean  ratios  (MRs)  of  activity 
with  RFR  present  to  activity  with  RFR  absent  and  the  SDs . 

The  AChE  was  derived  from  the  electroplax  of  the  ray  fish,  Narcine 
brasil iensis ,  and  was  rendered  membrane-free.  For  most  experiments,  50 
microliters  of  enzyme  mixed  with  about  20  ml  of  reaction  solution  was 
recirculated  through  the  cell  and  through  temperature-controlled  jackets 
at  10  ml/min,  which  held  the  mixture  at  25  or  37  deg  C  (  +  /-  0.2  deg  C). 

Exposures  in  one  series  of  experiments  were  to  2.45-GHz  pulsed  RFR, 
with  pulse  durations  of  4.8,  2.4,  and  1.2  microseconds  at  repetition 
rates  of  625,  1250,  and  2500  pps,  respectively,  to  yield  a  duty  cycle  of 
0.003.  About  the  mean  (time-averaged)  SARs  for  this  series,  the  authors 
stated:  "...the  mean  specific  absorption  rate  (SAR)  at  the  two  absorbed 
power  levels  can  be  calculated  as  2,460  W/kg  and  4,290  W/kg, 
respectively.  Peak  power  SAR  is  then  0.82  MW/kg  and  1.43  MW/kg."  The 


latter  values  are  consistent  with  the  stated  duty  cycle.  In  Table  29 
(adapted  from  Table  1  of  the  paper),  which  embodied  the  results  for  this 
series,  the  mean  SARs  cited  were  2,460  W/kg  and  4  (not  4,290)  W/kg,  a 
discrepancy  that  could  not  be  resolved  because  the  authors  did  not  state 
the  two  absorbed  power  levels  alluded  to  above. 

TABLE  29:  EFFECT  OF  2.45-GHz  RFR  OK  AChE  ACTIVITY 


Mean  SAR  -  2460  W/kg  Mean  SAR  -  4  W/kg 


Pulse  Width 

4.8 

2.4 

1.2 

4.8 

2.4 

1.2 

Rep.  Rate 

625 

1250 

2500 

625 

1250 

2500 

MR  at  25  deg 

C 

1.00 

1.00 

1.03 

0.98 

1.04 

1.01 

+  /-  SD 

0.012 

0.026 

0.018 

0.036 

0.003 

0.010 

MR  at  37  deg 

C 

1.00 

0.980 

0.985 

1.00 

0.993 

1.00 

+  /-  SD 

0.001 

0.020 

0.010 

0.005 

0.012 

0.003 

All  of  the  MRs  were  essentially  unity,  and  the  authors  concluded:  "At 
these  levels,  there  is  no  significant  effect  of  microwave  irradiation  on 
AChE  activity." 

In  the  next  series  of  experiments,  the  effects  on  AChE  activity  of 
2.45-GHz  RFR  at  relatively  low  SARs  were  determined.  Pulses  8  micro¬ 
seconds  in  duration  at  50  pps  were  used  (0.0004  duty  cycle),  and  the 
temperature  of  the  samples  was  25  deg  C.  The  results  are  displayed  in 
Table  30,  in  which  the  mean  absorbed  powers  (in  raW)  as  well  as  SARs  are 
stated : 

TABLE  30:  EFFECT  OF  LOW-INTENSITY  2.45-GHz  RFR  ON  AChE  ACTIVITY 


Mean  Absorbed  Power 

68 

36 

6.9 

2.6 

Mean  SAR 

330 

180 

34 

13 

MR 

0.972 

0.967 

1.005 

1.00 

+  /-  SD 

0.007 

0.002 

0.016 

0.003 

The  authors  indicated  that  by  paired  t-test,  only  the  results  for  330 
and  180  W/kg  (a  loss  of  about  3X  in  AChE  activity)  were  significantly 
different  from  unity  (p<0.001).  However,  they  questioned  whether  such  a 
loss  would  measurably  affect  behavior  or  neurologic  function. 

Within  the  limits  of  the  available  RFR  generator,  possible  effects  of 
RFR  frequency  were  sought.  Pulses  16.7  microseconds  in  duration  at  30 
pps  were  used  (0.0005  duty  cycle),  and  the  temperature  of  the  samples 
was  25  deg  C.  The  results,  presented  in  Table  31,  showed  no  significant 
departures  from  unity: 
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TABLE  31: 

EFFECT 

OF  RFR  FREQUENCY 

ON  AChE  ACTIVITY 

Frequency  (GHz) 

2.375 

2.425 

2.500 

2.550 

2.625 

2.700 

Mean  SAR 

42 

40 

42 

44 

35 

32 

MR 

0.999 

0.999 

0.998 

0.997 

1.002 

0.998 

+  /-  SD 

0.003 

0.003 

0.002 

0.002 

0.004 

0.003 

Next,  repetition  rates 

of  10-90 

pps  (in 

steps  of  10 

pps)  at 

a  constant 

duty  cycle  of  0.0004  were  used  to  determine  whether  this  variable  was 
im-portant.  The  mean  SARs  were  all  about  1900  W/kg  and  the  sample  tem¬ 
perature  was  25  deg  C.  The  MRs  were  presented  graphically  with  SD  bars 
with  a  view  toward  more  readily  revealing  "EMR-effect  windows,"  if  pre¬ 
sent.  [See  Section  3.4.4.]  From  the  graph,  the  minimum  and  maximum  MRs 
were  about  0.97  (at  50  pps)  and  1.00  (at  40  pps)  and  most  of  the  SD  bars 
overlapped . 

The  authors  stated  that  there  was  no  distinguishable  trend  of  increase 
or  decrease  in  AChE  activity,  but  since  all  but  one  MR  was  less  than 
unity,  the  sign  test  indicated  that:  "the  apparent  treatment-associated 
decrease  is  significant  within  952  confidence  limits."  They  also  noted, 
however:  "While  an  oscillatory  mode  might  be  concealed  in  these  data, 
the  fact  that  the  standard  error  bars  overlap  make  us  question  the  sign 
test  as  valid ly  pointing  to  a  significant  EMR  effect  on  enzyme  activity. 
This  view  was  supported  by  a  Student's  paired  t-test  that  showed  that 
only  the  50-  to  60-pulse  experiments  achieved  confidence  levels  of  .05 
and  .01,  respectively.  The  remaining  values  clustered  about  confidence 
levels  of  .2--not  significant.  Nevertheless,  the  50-  to  60-pulse/s 
results  are  statistically  significant.  They  fall  in  the  exposure  rates 
of  known  EMR  windows,  but  the  biological  consequences  of  such  small 
changes  are  moot  at  best." 

The  possibility  that  duty  cycle  might  be  important  was  considered 
also.  For  2.45-GHz  RFR  at  1750  W/kg  with  pulses  at  50  pps  and  duty 
cycles  of  0.0008,  0.0016,  and  0.0032,  no  change  in  AChE  activity  was 
observed;  the  MR  was  0.996  +/-  0.005. 

Last,  the  authors  suggested  the  possibility  (deemed  unlikely)  of  RFR- 
initiated  kinetic-reaction  chains,  particularly  with  regard  to  residence 
time  of  samples  within  the  exposure  cell,  which  might  lead  to  cumulative 
or  time-delayed  effects.  Experiments  were  done  with  1 . 2-microsecond 
pulses  at  2500  pps  for  a  mean  SAR  of  483  W/kg,  in  which  only  the  flow 
rate  of  mixture  through  the  cell  was  varied.  For  residence  times  (cell 
volume/flow  rate)  of  0.44  to  2.09  seconds,  MRs  ranged  nonmonotonical ly 
from  0.996  +/-  0.004  to  0.999  +/-  0.003,  and  the  MR  for  zero  flow  rate 
was  1.00  +/-  0.01. 

3. 4. 2. 3  IN-VIVO  HISTOLOGICAL  AND  HI STOCHEMICAL  STUDIES 

Tolgskaya  and  Gordon  (1973)  reported  various  effects  in  approximately 
650  animals,  predominantly  rats,  of  exposure  to  RFR  in  the  range  500  kHz 
to  100  GHz.  The  pathological  effects  of  RFR  in  the  "decimeter  band" 
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(0.5-1  GHz)  at  "high  intensity"  (20  to  240  mW/sq  cm)  included  multiple 
perivascular  hemorrhages  in  the  brain  and  other  organs,  apical-dendrite 
degeneration  in  the  cortex,  cloudy  swelling  of  cytoplasm,  cytoplasmic 
shrinkage,  vacuole  formation,  unevenness  of  staining,  disappearance  of 
cytoplasmic  structures,  fatty  degeneration,  ribonucleoprotein  decrease, 
and  occasional  karyocy tolys is .  These  high  intensities  were  capable  of 
causing  death  of  the  animals  since  they  produced  signs  of  hyperthermia 
(temperature  increases  up  to  42-45  deg  C)  in  several  minutes  to  several 
hours.  Photographs  of  the  exposure  arrangement  showed  multiple  animal 
exposures  at  the  same  time  in  a  room  that  appeared  to  not  have  RFR- 
absorbing  material  on  the  walls.  It  is  likely  that  the  SARs  for  the 
individual  animals  under  these  conditions  varied  widely  and  that  all 
effects  were  thermal  in  nature. 

Exposures  referred  to  as  " low- intens ity "  were  also  performed.  The 
authors  defined  the  threshold  field  intensity  for  nonthermal  effects 
("intensity  not  raising  body  temperature")  for  decimeter  microwaves  as 
40  mW/sq  cm,  and  these  exposures  were  generally  at  or  slightly  below  10 
mW/sq  cm  for  60  min  daily  for  10  months.  Investigation  of  the  animals 
by  ordinary  morphological  methods  revealed  practically  no  vascular 
disorders  in  the  nervous  system.  "Delicate  elective  neurohistological 
methods"  (not  described),  however,  showed  disappearance  of  spines  from 
cortical  dendrites;  appearance  of  beading  and  irregular  thickening  of 
dendrites;  swelling  of  cytoplasm  of  individual  cells  (with  appearance  of 
vacuoles)  in  the  basal  ganglia  and  hypothalamus;  and  focal  and  diffuse 
proliferation  of  microglial  cells,  with  microglial  processes  showing 
initial  signs  of  degeneration. 

Many  of  these  low-intensity  effects  were  similar  to  those  described 
for  the  high- intens ity  exposures.  At  10  mW/sq  cm,  the  whole-body  SAR 
for  a  medium  rat  in  the  decimeter  band  (0.5-1  GHz)  ranges  from  6  to  8 
W/kg  (Durney  et  al.,  1978,  p.  95),  and  there  were  internal  regions  of 
higher  local  SARs  that  may  have  been  enhanced  in  the  multiple-animal 
exposure  arrangement  mentioned  above.  Thus,  it  seems  likely  that  the 
described  effects  (more  subtle  than  those  of  frank  hyperthermia)  were 
thermally  induced  also. 

Shtverak  et  al.  (1974)  investigated  whether  2.85-GHz  pulsed  RFR  (2.7- 
microsecond  pulses  at  357  pps)  at  30  mW/sq  cm  (average)  would  affect  the 
responses  to  stimulation  by  bell  of  rats  with  an  inherited  disposition 
to  sound- induced  epileptic  seizures.  Starting  on  postnatal  day  2,  24 
such  rats  were  exposed  concurrently  in  perforated  Perspex  boxes  to  the 
RFR  4  hr  daily  (0800-1200)  for  10  weeks  excluding  Saturdays  and  Sundays, 
and  16  were  sham-exposed.  (The  exposure  arrangement  and  animal  spacing 
were  not  described,  but  the  authors  stated  that  the  positions  of  the 
rats  were  changed  stepwise  for  successive  periods  to  obtain  comparable 
exposures.)  The  absorption  rates  were  not  given,  but  the  corresponding 
whole-body  SAR  of  a  small  rat  in  either  the  E-  or  H-or ientat ion  would  be 
about  9  W/kg  (Durney  et  al.,  p.  94).  During  exposure,  temperatures  were 
monitored  in  two  fixed  boxes  and  were  found  to  vary  from  24.7  to  27.8 
deg  C  and  the  temperature  in  the  exposure  room  rose  from  23  to  26  deg  C. 


270 


Starting  with  postnatal  week  4,  the  rats  were  weighed  weekly  and  were 
tested  with  a  bell  once  weekly  for  six  weeks.  If  no  change  in  behavior 
was  observed  after  1  min  of  uninterrupted  ringing,  the  reaction  of  the 
rat  was  scored  as  null.  For  rats  that  responded  with  a  motor  reaction 
that  ended  in  convulsions,  the  interval  between  initiation  of  ringing 
and  onset  of  seizure  was  recorded.  (Neither  the  duration  of  seizure  nor 
the  duration  for  recovery  was  assessed.)  In  addition,  the  number  of 
rats  that  died  was  recorded.  The  results  were  expressed  as  percentages 
and  were  evaluated  by  t-test. 

From  postnatal  weeks  4  to  10,  the  body  weight  of  all  the  rats  tended 
to  increase,  more  so  by  males  than  females.  Most  mean  weekly  weights  of 
the  RFR-exposed  males  were  smaller  than  for  the  sham-exposed  males  and 
similarly  for  the  females,  but  the  differences  were  nonsignificant.  Two 
RFR-exposed  rats  and  one  sham-exposed  rat  died  during  the  first  4  weeks. 

Weekly  sound  tests  yielded  null  reactions  from  about  70X  of  the  RFR- 
exposed  and  about  20X  of  the  sham-exposed  rats,  a  significant  difference 
(p<0.05).  For  those  that  responded  positively,  the  mean  time  interval 
to  seizure  onset  was  higher  in  the  RFR-exposed  than  sham-exposed  rats. 
The  authors  stated  that  the  difference  between  RFR  and  sham  groups  for 
week  6  was  significant  and  not  significant  for  the  other  weeks,  but  the 
error  bars  on  the  graph  appear  to  overlap  considerably  for  all  weeks. 

The  authors  concluded  that  exposure  to  the  pulsed  RFR  tended  to  lower 
the  sensitivity  of  rats  to  audiogenic  seizure  and  increase  the  number  of 
null  reactions.  They  also  noted  that  qualitatively  similar  results  were 
obtained  for  rats  exposed  to  a  pulsed  electrostatic  field  (800-V  10- 
microsecond  pulses,  769.2  pps,  at  130  V/cm,  thus  presumably  exposed 
between  electrodes  spaced  about  6  cm  apart). 

Albert  and  DeSantis  (1975)  sham-exposed  or  exposed  a  total  of  60  adult 
male  and  female  Chinese  hamsters  in  individual  vented  Plexiglas  chambers 
to  far-field  2.45-GHz  CW  RFR  within  an  anechoic  chamber  at  50  mW/sq  cm 
for  30  min  to  24  hr,  or  at  25  mW/sq  cm  14  hr/day  for  22  days.  Hamsters 
exposed  at  25  mW/sq  cm  were  given  one  pellet  of  chow  and  5  ml  of  water 
during  each  14-hr  exposure  and  ample  food  and  water  between  exposures. 
Right  after  exposure  at  either  level  or  after  recovery  for  1  to  2  weeks 
postexposure ,  hamsters  were  anesthetized  and  perfused  with  fixatives, 
and  selected  tissues  were  sectioned  and  stained  for  light-  or  electron- 
microscopic  examination.  Two  of  the  animals  were  fixed  with  potassium 
dichromate  and  the  brains  were  stained  for  showing  degenerating  myelin. 
Frozen  sections  of  others  were  stained  for  revealing  degenerating  axons. 

At  the  1 ight -microscopic  level,  the  cytoplasm  of  hypothalamic  neurons 
from  hamsters  exposed  at  SO  mW/sq  cm  was  ma;kedly  pale  and  displayed 
vacuolization  and  c hromat o 1 y s i s .  Although  the  nuclear  structure  was 
unaltered,  the  cytoplasm  often  appeared  frothy  (probably  an  artifact 
called  "frothy  bloat,"  not  seen  bv  Albert  ir  subsequent  studies  with 
modified  techniques)  In  rare  instances,  vacuoles  were  detected  within 
nuclei.  Vacuoles  were  not  present  in  the  cytoplasm  or  nuclei  of  glial 
cells.  At  the  electron  microscopic  level,  the  preferential  appearance 


of  vacuoles  in  the  cytoplasm  was  evident  for  hamsters  exposed  at  25 
mW/sq  cm  for  22  days.  Vacuolization  and  chromatolysis  in  hypothalamic 
neurons  were  more  prominent  in  animals  euthanized  immediately  after 
exposure  than  in  those  euthanized  6-10  days  after  exposure,  indicating 
some  recovery. 

Similar  morphologic  changes  were  observed  in  the  suijthalamus ,  but  not 
in  areas  adjacent  to  the  thalamus,  i.e.,  the  ventrobasal  complex  and  the 
lateral  geniculate  nucleus.  Also,  the  neurons  in  other  regions  of  the 
central  nervous  system  of  hamsters  exposed  to  either  RFR  level  appeared 
unaltered  relative  to  comparable  tissues  from  control  hamsters.  At  the 
light-microscopic  level,  no  changes  were  found  in  Purkinje-cell  bodies 
of  the  cerebellum,  motor  neurons  in  the  ventral  horn  of  the  spinal  cord, 
mesencephalic  nuclei  of  the  trigeminal  nerve,  or  hippocampal  pyramidal 
neurons.  (Observations  of  these  areas  by  electron  microscopy  were  not 
reported  in  this  paper.) 

The  authors  reported  some  tentative  evidence  for  axonal  degeneration 
in  RFR-exposed  hamsters,  but  indicated  that  vagaries  may  occur  with  the 
staining  method  used;  they  stated:  "The  degenerated  axons  were  widely 
scattered  and  did  not  seem  to  be  confined  to  well-delineated  pathways  or 
distinct  nuclear  groups,  as  is  customarily  the  case  in  animals  with 
known  lesions." 

There  was  no  evidence  of  myelin  degeneration,  gliosis,  hemorrhage,  or 
perivascular  edema  in  the  RFR-exposed  hamsters.  However,  vascular  sta¬ 
sis,  or  congestion,  was  observed  in  some  animals. 

The  authors  did  not  discuss  SARs ,  but  in  the  discussion  printed  with 
the  paper,  Dr.  A.W.  Guy  noted  that  SARs  as  high  as  4  W/kg  per  incident 
mW/sq  cm  were  measured  in  his  laboratory  for  animals  of  similar  size, 
that  the  peak  SARs  (at  10  to  50  mW/sq  cm)  could  have  been  40  to  200  W/kg 
in  some  brain  regions  of  the  animals,  and  that  this  SAR  range  far  ex¬ 
ceeds  that  normally  used  for  diathermy  treatment  in  20-min  exposures  of 
patients.  He  also  noted  that  rectal  temperature  would  not  necessarily 
indicate  the  presence  of  high  SARs  in  such  local  areas. 

Dr.  J.W.  Frazer  queried:  "How  do  your  histologic  findings  compare  to 
those  seen  in  animals  that  have  experienced  fevers  of  4-5  deg  C?"  Dr. 
Albert's  response  was  that:  "Vacuolation  and  chromatolysis  in  the 
hypothalamus  are  typical  responses  of  heated  neurons." 

Albert  and  DeSantis  (1976)  studied  histological  effects  in  the  brains 
of  30  Chinese  hamsters  exposed  to  1.7-GHz  CW  RFR  at  10  or  25  mW/sq  cm 
for  30  to  120  min.  For  each  RFR  level,  each  of  15  hamsters  was  paired 
with  a  sham-exposed  hamster  and  both  were  otherwise  similarly  treated. 

Of  the  15  hamsters  in  each  RFR  and  sham  group,  11  were  euthanized  right 
af'er  exposure  and  the  remaining  4  of  each  group  were  euthanized  after 
. '  15  days  for  recovery.  The  whole  animal  was  fixed  and  its  brain  was 
ved,  further  fixed,  transversely  cut  into  four  blocks  that  included, 
Mvely:  forebrain,  diencephalon  and  midbrain,  pons  and  cerebellum, 
.•  i  ~.»t  ilia.  Each  block  was  dehydrated,  embedded  in  paraffin,  sectioned 


and  stained  with  hematoxyl in-eosin  or  thionin.  Serial  sections  were 
made  through  the  diencephalon.  Corresponding  sections  from  each  of  the 
paired  exposed  and  control  hamsters  were  placed  on  the  same  slide  prior 
to  staining. 

Eight  of  the  hamsters  exposed  at  10  mW/sq  cm  and  euthanized  immedi¬ 
ately  after  exposure  exhibited  greater  cytological  alterations  in  hypo¬ 
thalamic  and  subthalamic  neurons  than  controls;  for  two  of  the  other 
three,  the  appearance  of  these  regions  was  similar  to  that  of  the 
controls;  in  the  third  exposed  hamster,  the  histological  changes  were 
inconsistent.  Of  the  four  hamsters  exposed  at  10  raW/sq  cm  and  euthan¬ 
ized  after  recovery,  three  displayed  histological  changes  in  the  hypo¬ 
thalamus  and  subthalamus  similar  to  those  seen  in  the  exposed  hamsters 
euthanized  right  after  exposure,  and  the  fourth  showed  no  changes 
relative  to  its  control. 

Seven  of  the  11  hamsters  exposed  at  25  mW/sq  cm  and  euthanized  right 
after  exposure  showed  more  extensive  changes  in  the  hypothalamic  and 
subthalamic  neurons  than  their  controls;  one  hamster  exhibited  no 
differences  and  the  other  three  an  inconsistent  histological  pattern. 

Of  the  four  hamsters  allowed  to  recover  after  exposure,  three  showed 
more  prominent  changes  than  their  controls  and  the  other  was  similar  to 
its  control. 

Regarding  the  hamsters  exposed  at  10  mW/sq  cm,  the  authors  noted: 
"Neurons  of  the  hypothalamus  and  subthalamus  were  most  dramatically 
affected  in  experimental  animals  that  showed  structural  changes.  More 
specifically,  neurons  of  the  medial  part  of  the  ventromedial  as  well  as 
the  dorsomedial  and  often  the  lateral  nuclei  of  the  hypothalamus  were 
affected  by  irradiation.  Areas  of  the  subthalamus  that  were  involved 
included  the  zona  incerta  and  tegmental  field,  but  not  the  subthalamic 
nucleus  itself.  Neurons  of  animals  exposed  to  10  mU/sq  cm  were  swollen, 
their  cytoplasm  appeared  vacuolated  and  stained  less  basophilic  than 
their  control  counterparts ...  In  all  cases  the  cytological  changes  ap¬ 
peared  to  be  restricted  to  the  cytoplasm.  Nuclei  of  neurons  appeared 
normal.  No  evidence  of  pyknosis  or  eccentric  position  on  the  part  of 
nuclei  was  observed.  Similar  morphological  observations  were  made  on 
brains  of  an.r.<als  exposed  to  25  mW/sq  cm." 

The  authors  indicated  that  the  blood  vessels  in  the  affected  brain 
areas  appeared  normal,  with  no  evidence  of  hemorrhage  or  edema,  and  that 
no  obvious  histological  alterations  were  seen  in  other  parts  of  the 
central  nervous  system  examined,  including  the  cerebral  cortex,  cerebel¬ 
lum,  medulla,  and  pons.  They  also  noted  that  the  findings  were  similar 
to  the  previous  ones  for  2.45-GHz  RFR  at  25  and  50  mW/sq  cm  (Albert  and 
DeSantis,  1975),  and  stated:  "Clearly,  at  those  power  densities  one 
could  suspect  that  the  common  factor  might  be  the  thermal  effects.  How¬ 
ever,  similar  changes  have  now  been  observed  at  10  mW/sq  cm,  and  this 
power  density  may  be  non-thermal . "  The  latter  comment  is  questionable 
in  the  light  of  Guy's  point  above. 

Albert  et  al.  (1981a)  sought  effects  of  prenatal  and  postnatal  expo- 
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sure  of  Sprague-Dawley  rats  to  RFR  on  the  Purkinje  cells  of  the  cerebel¬ 
lum.  The  authors  noted  that  development  of  the  mammalian  brain  is  de¬ 
pendent  on  migration  of  nerve  cells,  the  patterns  of  which  are  well 
understood  for  the  cerebellum.  Cerebellar  Purkinje  cells  were  selected 
for  study  because  these  cells  provide  a  relay  station  for  major  input 
to,  and  output  from,  the  cerebellum  and  because  they  are  readily  identi¬ 
fiable  in  the  interface  between  the  molecular  and  granular  layers. 

In  experiment  1,  six  pregnant  rats  in  individual  ventilated  Plexiglas 
containers  were  exposed  concurrently  in  groups  of  three  from  above  with 
a  truncated  horn  to  2.45-GHz  CW  RFR  at  10  mW/sq  cm  in  one  of  two  ane- 
choic  chambers.  Six  other  rats  were  similarly  treated  but  sham-exposed 
in  the  other  anechoic  chamber.  Exposures  were  for  5  days,  21  hr/day, 
starting  on  gestation  day  17.  The  rats  were  moved  for  1.5  hr  twice 
daily  during  each  exposure  period  to  conventional  rat  cages,  where  food 
and  water  were  available  ad  libitum. 

In  experiment  2,  six  matched  pairs  of  6-day-old  litter  mates  were 
used.  One  of  each  pair  in  a  ventilated  Plexiglas  cage  was  exposed  to 
2.45-GHz  CW  RFR  for  5  days,  7  hr/day,  in  one  of  the  anechoic  chambers 
while  the  other  was  sham-exposed  in  the  other  chamber.  Daily  exposure 
sessions  were  for  3.5  hr  each  in  the  morning  and  afternoon,  with  1.5  hr 
between  sessions  for  feeding.  During  all  periods  of  no  RFR-  or  sham- 
exposure.  the  pups  were  reunited  with  their  dams  in  conventional  cages. 

In  experiments  1  and  2.  the  rats  were  transported  from  George  Washing¬ 
ton  University  ( GWU )  to  the  Bureau  of  Radiological  Health  (BRH)  for 
exposure  and  were  returned  to  GWU  for  study  after  completion  thereof. 

For  these  experiments,  a  nonperturbing  probe  was  used  to  measure  power 
densities  within  each  empty  Plexiglas  cage  with  and  without  subjects  in 
the  other  cages.  The  results  indicated  that  the  values  varied  with  site 
within  the  cage  and  with  time,  due  to  rat  movements  in  the  other  cages 
no  data  presented)  Thus,  it  was  determined  that  at  a  mean  power  den¬ 
sity  of  10  mW/sq  cm,  the  power  density  might  vary  with  time  from  4  to  30 
mW/sq  cm.  From  Durney  et  al.  (1978),  pp  95-96,  the  corresponding  time- 
averaged  SAR  for  each  pregnant  rat  in  either  the  E-  or  H-or ientat ion  was 
about  2  W/kg,  with  a  range  from  08  to  6  W/kg. 

In  experiment  3,  four  pregnant  rats  were  exposed  concurrently  to  100- 
MHz  CW  RFR  at  46  mW/sq  cm  at  the  Environmental  Protection  Agency,  North 
Carolina  f  EPA )  in  a  transverse  electromagnetic  (TEM)  cell  described  in 
Smiaiowicz  et  al.  <  1981b).  Mean  SARs  ranged  from  2  W/kg  for  pregnant 
rats  to  )  W/kg  for  neonates,  with  intermediate  values  for  older  pups. 

The  exposures  were  performed  during  0800-1400  daily  on  gestation  day  6 
through  term,  after  which  the  offspring  were  exposed  4  hr  daily  for  97 
days.  Four  other  pregnant  rats  and  their  pups  were  similarly  treated 
but  sham-exposed.  The  treated  offspring  were  delivered  to  GWU  14  months 
after  cessation  of  exposure. 

In  all  three  experiments,  the  brain  of  each  RFR-exposed  animal  was 
processed  concurrently  with  its  corresponding  sham-exposed  control. 

After  anesthesia,  each  rat  was  fixed  with  formalin  by  cardiac  perfusion 


and  the  cerebella  were  removed,  divided  in  the  midsagittal  plane,  embed¬ 
ded  in  paraffin,  serially  sectioned  (10  micrometers  thick),  and  stained. 
Six  to  nine  parasagittal  planes  were  selected  and  used  as  constant  re¬ 
ference  levels  for  matching  cerebellar  sections  from  RFR-  and  sham-ex¬ 
posed  rats.  Four  to  six  serial  sections  were  studied  at  each  plane. 

Each  section  was  projected,  the  boundaries  of  various  regions  were 
outlined,  the  geometric  areas  within  the  boundaries  of  interest  were 
determined  with  a  planimeter,  and  the  Purkinje  cells  within  the  mole¬ 
cular-granular  interface  were  counted.  (Cells  without  visible  nucleoli 
were  not  counted.)  All  cell  counts  were  performed  double  blind  by  two 
individuals.  Results  were  presented  in  terms  of  the  mean  density  of 
Purkinje  cells  (number  per  sq  mm)  and  standard  error  (SE)  for  the  RFR- 
and  sham-exposed  groups. 

In  experiment  1,  the  pregnant  rats  delivered  their  pups  within  12  hr 
after  completion  of  their  RFR-  and  sham-exposures  and  return  to  GWU. 
Three  of  the  six  pups  exposed  prenatally  to  RFR  and  three  of  the  six 
pups  sham-exposed  prenatally  were  euthanized  on  postnatal  day  1,  and  the 
remaining  three  pups  of  each  group  were  euthanized  40  days  after  birth. 
The  cerebella  from  the  day-1  pups  were  not  mature  enough  for  clear  dis¬ 
cernment  of  the  Purkinje  cells,  so  no  data  were  presented.  The  mean 
counts  for  the  RFR-exposed  40-day  pups  were  35.87  +/-  1.71  cells/sq  mm, 
as  compared  with  48.47  +/-  2.26  cells/sq  mm  for  the  sham-exposed  40-day 
pups.  The  25. 8X  decrease  for  the  RFR  pups  was  significant  (p<0.01). 

In  experiment  2,  three  pups  exposed  to  RFR  and  three  pups  that  were 
sham-exposed  postpartum  were  euthanized  immediately  after  return  to  GWU 
and  the  other  three  of  each  were  euthanized  40  days  after  cessation  of 
RFR-  or  sham-exposure.  For  the  pups  euthanized  immediately,  the  mean 
counts  were  87.46  +  /-  4.62  cells/sq  mm  for  the  RFR-exposed  pups  and 
115.68  +/-  5.30  cells/sq  ram  for  the  sham-exposed  pups,  a  significant 
difference  (p<0.01).  For  the  40-day  pups,  the  mean  counts  were  31.61 
+  /-  1.22  and  33.98  +/-  1.05  cells/sq  ram,  respectively,  a  nonsignificant 
difference  (0.05<p<0. 1 ) . 

In  experiment  3,  the  pups  that  were  sham-exposed  or  exposed  to  100-MHz 
RFR  both  in  utero  and  postpartum  were  delivered  to  GWU  14  months  after 
completion  of  the  exposure  regimen  and  were  euthanized  immediately.  The 
mean  counts  were  24.74  +/-  0.71  and  28.33  +/-  1.21  for  the  RFR-exposed 
and  sham-exposed  pups,  respectively,  a  significant  difference  (p<0.05). 

The  authors  noted  that  the  cerebellar  rudiment  and  the  Purkinje  cells 
arise  during  the  second  half  of  gestation.  They  suggested  that  the 
significantly  smaller  Purkinje-cell  counts  obtained  in  experiments  1  and 
3  (both  of  which  involved  exposure  to  RFR  during  that  half  of  the 
prenatal  period)  could  be  due  to  reduction  of  the  proliferative  activity 
of  the  neuroepithelium  by  the  RFR,  or  that  the  RFR  could  affect  the 
migratory  pattern  of  Purkinje  cells  and  other  microneurons  in  a  manner 
that  prevents  the  Purkinje  cells  from  reaching  the  molecular-granular 
interface.  The  observation  of  smaller  cell  counts  at  both  40  days  and 
14  months  after  completion  of  RFR  exposure  was  taken  as  indicating  the 
permanence  of  this  effect  of  prenatal  exposure. 


275 


The  results  of  experiment  2,  in  which  significantly  smaller  Purkinje- 
cell  counts  were  obtained  for  the  pups  exposed  postnatally  to  RFR  and 
euthanized  immediately,  and  the  nonsignificant  difference  in  counts 
between  the  groups  euthanized  40  days  after  RFR-and  sham  exposure,  were 
taken  as  an  indication  of  the  reversibility  of  this  effect.  Presumably 
because  brain  cells  are  not  regenerative,  the  authors  suggested  that 
postnatal  exposure  to  RFR  could  temporarily  affect  the  migration  pattern 
of  the  Purkinje  cells  but  not  the  proliferative  activity  of  the  external 
granular  layer. 

Although  the  positive  results  above  appear  to  be  statistically  valid 
(from  use  of  the  t-test),  they  are  questionable  because  the  normalized 
SDs  (ratio  of  SD  to  its  mean  value)  for  the  RFR  groups  were  virtually 
the  same  as  for  their  respective  sham-exposed  groups.  In  view  of  the 
lc  ;ge  variations  in  mean  SAR  at  2.45  GHz  stated  by  the  authors  (0.8  to  6 
W/kg),  one  would  expect  to  observe  some  dose  dependence  of  effect  among 
the  RFR-exposed  animals  that  would  be  manifested  as  much  larger  values 
of  normalized  SDs  than  for  the  sham-exposed  animals. 

Albert  et  al.  (1981b)  conducted  a  similar  study  on  squirrel  monkeys 
that  had  been  exposed  perinatally  elsewhere  in  an  investigation  of 
possible  RFR-induced  infant  mortality  described  briefly  in  a  note  added 
in  proof  to  a  paper  by  Kaplan  et  al.  (1982),  discussed  in  Sections 
3. 3. 2. 2  and  3. 7. 1.2.  In  that  infant-mortality  study,  Kaplan  et  al. 
(1982)  exposed  pregnant  squirrel  monkeys  to  2.45-GHz  amplitude-modulated 
RFR  at  a  whole-body  SAR  of  3.4  W/kg  (equivalent  to  plane-wave  RFR  at  10 
mW/sq  cm)  3  hr/day  for  7  days/week,  starting  near  the  beginning  of  the 
first  trimester  of  pregnancy.  On  parturition,  each  dam  and  its  infant 
was  exposed  as  a  dyad  for  6  months,  and  some  offspring  were  exposed  for 
3  additional  months  without  their  dams.  Albert  et  al.  (1981b)  obtained 
seven  each  of  the  RFR-  and  sham-exposed  offspring  used  in  that  infant- 
mortality  study. 

These  monkeys  were  weighed  and  anesthetized,  and  their  brains  were 
fixed  with  formalin  by  cardiac  perfusion  within  24  hr  after  receipt. 

The  brains  were  removed  and  their  weights  and  volumes  were  determined. 
The  cerebella  were  dissected  and  the  inferior  vermis  of  each  was  separa¬ 
ted  and  embedded  in  paraffin.  The  preparation  was  serially  sectioned  in 
the  parasagittal  plane  at  thicknesses  of  10  micrometers  and  stained  with 
hematoxylin-eosin.  The  uvula  of  the  inferior  vermis  was  selected  for 
study  because  its  mean  cell  density  is  representative  of  the  mean  cell 
density  of  the  entire  cerebellum. 

Purkinj e-cel 1  density  in  each  uvula  was  estimated  by  determining  the 
area  of  the  Purkinje  cell  layer  and  counting  the  number  of  cells  therein 
by  light  microscopy,  with  the  result  expressed  as  the  number  of  cells 
per  sq  mm.  The  linear  density  was  also  determined  by  counting  the 
number  of  Purkinje  cells  per  mm  in  the  interface  between  the  molecular 
and  granular  regions  of  each  section  and  averaging  the  results  over  the 
sections.  Only  cells  that  displayed  a  visible  nucleolus  were  counted. 

No  significant  differences  between  RFR-  and  sham-exposed  groups  were 
found  in  whole-body  mass,  brain  mass,  brain  volume,  or  Purkinj e-cell 
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counts  per  sq  ram  or  per  mrc. 


These  negative  results  are  at  variance  with  those  of  the  previous 
study  with  rats  (Albert  et  al.,  1981a),  in  which  the  mean  density  of 
Purkinje  cells  in  the  cerebella  of  rats  exposed  prenatally  to  2.45-GHz 
or  100-MHz  RFR  at  whole-body  SARs  of  about  2  W/kg  was  significantly 
lower  than  for  shara-exposed  rats.  Albert  et  al .  (1981b)  suggested  that 
differences  in  species  and  in  exposure  methods,  geometrical  configura¬ 
tions  of  the  head,  and  exposure  protocols  might  account  for  the  differ¬ 
ences  in  findings.  It  is  possible  that  local  SARs  in  the  rat  brain  may 
be  higher  than  in  the  squirrel-monkey  brain  at  comparable  whole-body 
SARs.  On  the  other  hand,  organogenesis  in  the  squirrel  monkey  is  com¬ 
pleted  within  the  first  trimester  of  pregnancy,  during  which  the  brain 
may  be  more  sensitive  to  exogenous  agents  (such  as  RFR)  than  subse¬ 
quently.  However,  perhaps  the  negative  results  of  Albert  et  al.  (1981b) 
render  this  point  moot. 

Merritt  and  Frazer  (1975)  conducted  a  study  to  determine  whether  RFR 
altered  whole-brain  levels  of  specific  neurotransmitters  in  the  mouse. 
They  exposed  male  Swiss-Webster  mice  individually  at  19  MHz  (HF)  for  10 
rain  to  either  an  electric  (E)  field  or  a  magnetic  (H)  field  in  plastic 
ventilated  cages  placed  within  a  near-field  synthesizer  (Greene,  1974), 
with  the  long  body  axes  of  the  mice  perpendicular  to  the  E-field.  The 
synthesizer  was  calibrated  with  near-field  electric  and  magnetic  probes 
(Greene,  1975).  With  400  W  input,  the  E-field  was  6  kV/m  and  the  H- 
field  associated  with  this  E-field  was  6.4  A/ra;  the  H-field  was  41  A/m 
and  the  associated  E-field  was  2  kV/m.  The  authors  noted  that  exposure 
at  these  levels  did  not  increase  rectal  temperature,  measured  with  a 
thermistor  probe.  Control  mice  were  sham-exposed  in  the  synthesizer. 

Fifteen  minutes  after  exposure,  the  mice  were  euthanized  by  brain- 
enzyme  inactivation  with  a  2.45-GHz  industrial  microwave  oven  modified 
by  the  addition  of  a  section  of  shorted  waveguide;  the  head  of  each 
mouse  was  inserted  through  a  hole  in  the  waveguide  section  at  the 
maximum  E-field  location.  By  test,  brain  temperature  rose  40-50  deg  C 
in  1  second.  A  group  of  sham-exposed  mice  was  similarly  euthanized 
(microwave  controls)  and  another  group  of  sham-exposed  mice  was  euthan¬ 
ized  conventionally  by  cervical  dislocation  (conventional  controls). 
Following  euthanization,  the  brains  were  quickly  removed,  immediately 
frozen  in  liquid  nitrogen,  and  homogenized  in  cold  acidified  (10  mM  HC1) 
butanol.  Each  brain  was  assayed  by  spectrof luorometry  for  serotonin 
(5HT)  and  its  metabolite  5-hydroxy  indole  acetic  acid  (5HIAA),  dopamine 
(DA)  and  its  metabolite  homovanillic  acid  (HVA),  and  norepinephrine 
(NE) .  The  normalized  whole-brain  mean  concentrations  (in  nanograms  per 
gram)  and  SDs  are  shown  in  Table  32  (adapted  from  Table  1  of  the  paper), 
with  the  number  of  mice  in  each  group  in  parentheses: 


TABLE  32:  EFFECT  OF  E-  AND  H-FIELDS  ON  NEUROCHEMICALS 


Treatment 

5HT 

5HIAA 

DA 

HVA 

NE 

E-field 

745 

780 

1318 

172 

402 

+  /-  SD 

132 

(5) 

113 

(5) 

362 

(5) 

61 

(5) 

167 

(5) 

H-f  ield 

770 

752 

1487 

182 

533 

+  /-  SD 

79 

(12) 

62 

(13) 

374 

(12) 

44 

(13) 

123 

(12) 

Microwave  Cont . 

7  74 

742 

1355 

184 

468 

+  /-  SD 

50 

(12) 

121 

(13) 

287 

(12) 

62 

(13) 

88 

(14) 

Convent.  Cont. 

582 

621 

1025 

184 

367 

+  /-  SD 

86 

(10) 

75 

(8) 

108 

(10) 

62 

(8) 

38 

(10) 

By  t-test,  there  were  no  statistically  significant  differences  between 
the  microwave  controls  and  either  E-  or  H-f ield-exposed  animals  in  mean 
whole-brain  concentrations  for  any  of  the  neurotransmitters  or  their 
metaboiites.  However,  the  mean  concentrations  of  all  the  neurochemicals 
except  HVA  were  significantly  higher  (p<0.02)  in  the  microwave  controls 
than  in  the  conventional  controls.  The  authors  suggested  that  these 
differences  indicate  that  neurotransmitters  were  present  having  very 
rapid  turnover  and  thus  may  be  detectable  after  use  of  microwave-  but 
not  conventional  brain-enzyme  inactivation  because  of  the  shorter  time 
required  for  the  former. 

The  authors  also  noted  that  by  frequency  scaling,  exposure  of  a  mouse 
to  19-MHz  RFf  to  obtain  a  specific  whole-body  SAR  would  require  about 
30-40  times  higher  incident  power  density  than  to  obtain  the  same  whole- 
body  SAR  in  a  human.  On  this  basis,  short -durat ion  exposure  of  humans 
to  19-MHz  E-fields  up  to  about  150  V/m,  or  H-fields  up  to  about  1  A/m 
may  not  have  any  detectable  effects  on  the  five  neurochemicals  studied. 

Merritt  et  al.  (1976)  then  sought  to  determine  whether  exposure  to 
1.6-GHz  RFR  would  have  any  effect  on  the  neurotransmitter  concentrations 
in  discrete  regions  of  the  rat  brain.  They  inserted  male  Sprague-Dawley 
rats  in  individual  ventilated  cylindrical  Plexiglas  holders  and  placed 
each  holder  with  its  central  axis  upright  and  43  cm  along  the  axis  of  a 
horizontally  radiating  horn  within  an  anechoic  chamber.  Exposures  were 
for  10  rain  at  80  raW/sq  cm.  For  hyperthermal  controls,  other  rats  were 
placed  for  10  min  in  a  chamber  maintained  at  78  deg  C. 

The  mean  rectal  temperature  rise  in  the  rats  exposed  to  the  RFR  was 
4.09  ♦/-  0.55  (SE)  deg  C.  The  rise  for  the  hyperthermal  controls  was 
3.70  ♦/-  0.68  deg  C.  By  scanning  infrared  thermography  of  a  euthanized 
rat  sectioned  along  a  midsagittal  plane  and  exposed  at  200  mV/sq  cm  for 
1  rain,  the  temperature  rise  along  the  base  of  the  brain  was  found  to  be 
comparable  to  the  increase  in  core  temperature  in  the  intact  rat. 

The  rats  were  euthanized  by  microwave  brain-enzyme  inactivation  right 
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after  either  treatment,  the  brains  were  quickly  removed,  and  discrete 
regions  were  dissected  out.  Each  brain  region  was  then  frozen  in  liquid 
nitrogen,  weighed  in  the  frozen  state,  homogenized  in  acidified  butanol, 
and  assayed  for  the  following:  norepinephrine,  dopamine,  serotonin,  and 
5-hydroxy  indole  acetic  acid  in  the  hypothalamus,  corpus  striatum,  mid¬ 
brain,  hippocampus,  cerebellum,  medulla,  and  cortex.  Homovanillic  acid, 
the  metabolite  of  dopamine,  was  also  assayed,  but  only  in  the  corpus 
striatum  because  it  cannot  be  detected  in  the  other  regions  of  the 
brain.  The  results  were  tabulated  as  mean  concentrations  (in  ng/g)  in 
each  region,  with  SEs  and  numbers  of  determinations,  and  examined  for 
statistical  significance  by  t-test. 

Regarding  norepinephrine,  the  concentration  in  the  hypothalamus  of  the 
RFR  group  was  significantly  lower  ( p < 0 . 0 1 )  than  in  the  control  group, 
the  only  significant  difference;  the  norepinephrine  concentration  in  the 
hypothalamus  of  the  hyperthermia  group  was  77X  of  that  in  the  controls, 
but  the  difference  was  nonsignificant  (p>0.05).  Dopamine  concentration 
in  the  corpus  striatum  of  the  RFR  group  was  significantly  lower  (p<0.05) 
than  in  controls;  it  was  also  lower  in  the  hypothalamus  and  labeled  by 
the  authors  as  significant  (p<0.05),  but  a  check  of  the  p  value  showed 
it  to  be  slightly  larger  than  0.05. 

The  concentrations  of  serotonin  in  the  hippocampus  of  the  RFR  group 
and  the  cortex  of  the  hyperthermia  group  were  both  significantly  lower 
than  in  the  controls  (p<0.02  and  p<0.05,  respectively).  All  the  differ¬ 
ences  in  concentration  of  5-hydroxy  indole  acetic  acid  in  each  brain  re¬ 
gion  between  RFR  and  control  groups  and  between  hyperthermia  and  control 
groups  were  nonsignificant.  The  mean  homovani 1 1 ic-ac id  concentrations 
in  the  corpus  striata  of  the  RFR-  and  hyperthermia  groups  were  both 
significantly  lower  (p<0.05)  than  for  the  control  group. 

The  authors  concluded  that:  "the  metabolism  and/or  transport  of  the 
putative  neurotransmitters  studied  are  altered  by  exposure  of  the  rat  to 
an  environment  that  produces  hyperthermia. . .The  changes  noted  in  the 
neurotransmitters  in  the  brain  areas  were  in  the  same  direction  for  both 
the  irradiated  and  hypertherroal  animals.  It  then  seems  probable  that 
these  changes  are  a  result  of  mechanisms  involved  in  maintaining  thermo¬ 
regulation  or  a  thermal  effect  on  brain  cells  and  not  a  direct  effect  of 
1.6  GHz  radiation  on  neural  components." 

Sanders  et  al.  (1980)  investigated  the  hypothesis  whether  exposure  of 
brain  tissue  to  RFR  in  vivo  results  in  inhibition  of  the  respiratory 
chain  function  followed  by  decreases  in  concentrations  of  adenosine 
triphosphate  (ATP)  and  creatine  phosphate  (CP). 

As  Indicated  by  the  authors,  the  first  entrance  point  to  the  electron 
transport  chain,  at  which  nicotinamide  adenine  dinucleotide  (NAD)  is 
reduced  (by  proton  addition)  to  NADH,  can  be  monitored  continuously  in 
situ  by  excitation  at  366  nm  and  observation  of  NADH  fluorescence  at  460 
nm  with  a  time-sharing  fluorimeter.  Thus,  if  RFR  imposes  stresses  on 
the  cells  that  inhibit  respiratory  chain  function  or  cell  functions  that 
utilize  ATP  and  CP,  the  NADH  level  will  increase  (higher  fluorescence); 
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conversely,  RFR-induced  enhancement  of  the  respiratory  chain  or  increase 
of  cell  functions  that  utilize  ATP  and  CP  will  reduce  the  NADH  level. 

Male  Sprague-Dawley  rats  were  anesthetized  with  sodium  pentobarbital 
(40-45  rag/kg),  the  scalp  and  muscles  at  the  side  of  the  skull  were 
removed,  and  a  4x8-mm  aperture  was  made  through  the  skull,  leaving  the 
dura  intact.  The  head  of  the  rat  was  rigidly  held  in  place,  the  light 
from  a  366-nm  excitation  source  was  focused  to  a  spot  (1-2  mm)  on  the 
cerebral  cortex,  and  a  fiber-optic  bundle  was  directed  toward  the  focal 
spot.  The  other  end  of  the  fiber-optic  bundle  was  terminated  at  a  wheel 
that  housed  a  460-nra  filter  for  NADH-f luorescence  measurements  and  a 
366-nra  filter  for  measuring  reflectance  from  the  surface. 

Following  preparation,  the  rat  was  exposed  to  591-MHz  CW  RFR  at  3.0  cm 
from  a  3 . 0-cra-square  dielectrically  loaded  horn  (in  the  far  field),  with 
the  electric  vector  parallel  to  the  long  axis  of  the  rat.  The  radiation 
pattern  of  the  horn  was  such  that  only  the  head  of  the  rat  was  exposed. 

A  grounded  Faraday  shield  was  used  to  avoid  RFR  interference  with  the 
fluorimeter  electronics.  Incident  power  densities  at  the  exposure  site 
were  measured  with  a  Rahara  radiation  detection  meter,  and  theoretical 
models  were  used  to  estimate  SARs .  The  maximum  normalized  SARs  at  the 
surface  of  a  2.0-cm  diameter  sphere  and  a  semi- inf inite  plane  of  brain 
tissue  were  given  as  0.026  and  0.16  W/kg  per  mW/sq  cm,  respectively. 

Baseline  NADH  fluorescence  and  reflectance  levels  were  determined  in 
one  rat  before  exposure.  When  both  baselines  were  steady  for  5  min, 
RFR-exposure  for  5  min  at  13.8  mW/sq  cm  was  begun.  The  366-nm  reflec¬ 
tance  trace  showed  no  significant  deviation  from  baseline  during  expo¬ 
sure,  but  the  NADH  trace  began  to  increase  on  initiation  of  the  RFR, 
reached  a  maximum  at  30  seconds,  and  showed  a  compensatory  partial  re¬ 
turn  toward  baseline  during  the  next  2.5  min,  followed  by  a  slow  rise 
again  during  the  remaining  2  rain.  The  authors  ascertained  that  the 
changes  in  NADH  fluorescence  observed  in  the  baseline  experiment  were 
not  artifactual  by  using  exposures  at  18  mW/sq  cm  and  several  layers  of 
opaque  cloth  to  block  excitation  light  from  reaching  the  brain. 

Groups  of  rats  given  the  same  pre-exposure  treatment  as  In  the  base¬ 
line  experiment  were  sham-exposed  or  exposed  at  13.8  mW/sq  cm  for  0.5, 

1,  2,  3,  or  5  min,  during  wh  :h  NADH  fluorescence  was  measured.  Right 
after  RFR-or  sham-exposure,  . ne  head  and  neck  were  immersed  in  liquid 
nitrogen  for  at  least  2  min,  and  the  frozen  head  was  removed  and  stored 
in  liquid  nitrogen.  Later,  the  frozen  cerebral  hemisphere  near  the 
aperture  in  the  skull  was  extracted  and  pulverized,  and  duplicate  ali¬ 
quots  were  assayed  for  ATP  and  CP.  Groups  of  rats  were  sham-exposed  or 
exposed  at  5.0  mW/sq  cm  for  0.5  or  1  min  and  similarly  processed. 

As  in  the  baseline  experiment,  NADH  fluorescence  increased  at  initi¬ 
ation  of  5-min  exposures  at  13.8  mW/sq  cm.  The  levels  reached  maxima 
ranging  from  42  to  12.52  above  baseline  at  30  seconds,  decreased  slowly 
to  minima  of  about  22  above  baseline  in  the  next  2.5  min,  and  then  again 
increased  slowly  to  52  above  baseline  at  5  min.  The  concentrations  of 
ATP  and  CP  for  each  duration  of  sham-exposure  and  exposure  to  RFR  at 
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13.8  raV/sq  cm  were  graphed  as  percentages  of  baseline  level.  The  sham- 
exposures  did  not  yield  any  significant  changes  in  either  ATP  or  CP. 

For  exposure  to  RFR,  however,  the  ATP  level  dropped  to  a  minimum  of 
about  75X  by  30  seconds  and  rose  to  levels  that  did  not  exceed  about 
90Z;  the  CP  level  dropped  to  a  minimum  of  about  60X  by  30  seconds  and 
rose  to  a  maximum  of  about  85Z.  By  Student's  t-test,  all  differences  in 
levels  of  each  biochemical  between  RFR-  and  sham-exposure  groups  for 
corresponding  durations  were  significant,  most  at  the  p<0.005  level. 

The  authors  also  noted  that  the  decreases  in  ATP  and  CP  levels  were 
correlated  with  the  relative  increases  in  NADH  level. 

The  mean  ATP  and  CP  levels  (in  micromoles/g) ,  SEs,  and  numbers  of  rats 
are  presented  in  Tables  33  and  34  (adapted  from  Tables  2  and  3  of  the 
paper)  for  exposure  at  0  (sham),  5,  and  13.8  mW/sq  cm  for  0.5  and  1  min: 

TABLE  33:  ADENOSINE-TRIPHOSPHATE  (ATP)  CONCENTRATIONS 

Power  Density  0.5-Min  Exposure  1-Min  Exposure 

0  mW/sq  cm  2.48  +  /-  0.06  (11)  2.48  +/-  0.05  (11) 

5  mW/sq  cm  1.89  +/-  0.06  (6)  2.17  +/-  0.07  (6) 

13.8  mV/sq  cm  1.93  +/-  0.17  (10)  2.19  +/-  0.09  (10) 


TABLE  34:  CREATINE- PHOSPHATE  (CP)  CONCENTRATIONS 

Power  Density  0.5-Min  Exposure  1-Min  Exposure 

0  raV/sq  cm  3.32  ♦/-  0.14  (11)  3.27  +/-  0.15  (11) 

5  mW/sq  cm  1.99  +/-  0.16  (6)  2.17  ♦/-  0.31  (6) 

13.8  raV/sq  cm  2.17  +/-  0.30  (10)  2.11  +/-  0.31  (10) 


Regarding  these  results,  the  authors  stated:  "Even  the  5.0  raW/sq-cm 
were  above  threshold  for  decreasing  brain  ATP  and  CP  levels.  This  does 
not  imply  that  a  threshold  power  level  would  not  be  found  if  the  micro- 
wave  exposure  power  level  continued  to  be  decreased."  However,  by  t- 
test  of  the  ATP  results  above,  the  decreases  for  exposure  at  5  mW/sq  cm 
for  0.5  and  1  min  were  highly  significant  (p<0.001  and  p<0.01,  respec¬ 
tively),  but  the  differences  between  exposure  at  5  and  13.8  mW/sq  cm  for 
either  duration  were  nonsignificant  (p>0.05).  This  was  also  true  for 
the  CP  results.  Both  statistical  findings  appear  to  indicate  the  ab¬ 
sence  of  dose-dependence,  at  least  for  exposure  levels  above  the  thresh¬ 
old  postulated  by  the  authors,  or  that  a  plateau  had  been  reached. 

Temperatures  at  2-3  mm  below  the  surface  of  the  brain  were  also 
measured  in  this  study.  For  this  purpose,  a  thermistor  was  placed 
perpendicular  to  the  electric  vector  immediately  under  the  dura  but  on 
top  of  the  brain,  adjacent  to  the  focal  spot  of  the  excitation  light. 

Rats  other  than  those  used  in  the  NADH,  ATP,  and  CP  assays  were  exposed 

at  0,  13.8,  18.0,  30.0,  40.0,  and  47.0  mW/sq  cm  for  5  min.  Rectal 

temperatures  were  also  recorded.  With  sham-exposure,  the  heat  sink  due 


to  the  aperture  in  the  skull  was  found  to  cause  a  decrease  in  brain 
temperature  of  0.7  deg  C  (from  36.9  initially  to  36.2  deg  C  at  the  end 
of  the  5-min  interval).  For  exposure  at  13.8  mW/sq  cm,  the  initial  and 
final  brain  temperatures  were  35.2  and  34.6  deg  C,  a  decrease  of  0.6  deg 
C.  Decreases  in  brain  temperature  were  also  observed  for  exposure  at 
18.0  and  30.0  mW/sq  cm,  0.5  and  0.1  deg  C,  respectively,  but  increases 
of  0.2  and  0.1  deg  C  were  obtained  at  40.0  and  47.0  mW/sq  cm,  respec¬ 
tively.  Rectal  temperatures  remained  constant  at  all  exposure  levels. 

The  authors  concluded  that  because  brain  temperatures  did  not  increase 
during  RFR  exposure  at  5  or  13.8  mW/sq  cm,  the  observed  changes  in  NADH, 
ATP,  and  CP  levels  could  not  be  ascribed  to  general  tissue  hyperthermia 
(but  did  not  rule  out  local  hyperthermia).  Instead,  the  data  support 
the  hypothesis  of  RFR  inhibition  of  electron  transport  chain  function  in 
brain  mitochondria  and  results  in  decreased  energy  levels  in  the  brain. 

Subsequently,  Sanders  and  Joines  (1984)  investigated  the  effects  of 
hyperthermia  alone  and  in  conjunction  with  RFR.  Male  Sprague-Dawley 
rats  were  anesthetized  with  urethane  (1250-1350  mg/kg  ip)  [instead  of 
sodium  pentobarbital]  "to  avoid  barbiturate  effects  on  brain  energy 
metabolism."  Rat  preparation  was  similar  to  that  in  the  previous  study, 
except  that  the  fiber-optic  bundle  was  bifurcated  near  the  measurement 
end;  one  arm  served  to  convey  460-nm  light  from  the  brain  to  apparatus 
for  measuring  NADH  fluorescence  and  the  other  arm  conveyed  549-nra  light 
to  apparatus  for  measuring  general  brain  fluorescence.  Measurements  of 
the  latter  were  to  permit  correction  of  NADH  fluorescence  data  for  the 
effects  of  hemoglobin-content  changes  in  the  brain  region  studied,  but 
no  changes  in  549-nra  fluorescence  were  observed  during  and  after  RFR 
exposure,  rendering  such  corrections  unnecessary  and  showing  that  normal 
respiration  rates  were  maintained  in  the  rats  during  RFR  exposure. 

Groups  of  anesthetized  rats  were  exposed  to  591-MHz  CW  RFR  for  up  to  5 
min  at  13.8  mW/sq  cm.  The  upper  and  lower  limits  of  spatial-average  SAR 
in  the  brain  were  estimated  in  this  paper  to  be  0.42  and  0.18  W/kg  per 
mW/sq  cm,  based  on  prolate-spheroidal  models  having  volumes  of  110  and 
25  cu  cm  in  the  E-polarization  (Durney  et  al.,  1978,  pp.  94,  99),  which 
yielded  limits  of  5.8  and  2.5  W/kg  at  13.8  mW/sq  cm.  Also,  temperatures 
were  measured  with  a  thermistor  at  a  point  about  2  mm  below  the  surface 
of  the  brain  during  exposure  at  60  and  100  mW/sq  cm,  and  the  rates  of 
temperature  increase  were  used  (with  0.88  cal/g  per  deg  C  for  brain- 
tissue  specific  heat)  to  estimate  the  local  normalized  SAR.  The  results 
for  the  two  power  densities  were  0.613  and  0.626  W/kg  per  mW/sq  cm, 
yielding  a  local  SAR  of  about  8.5  W/kg  for  13.8  mW/sq  cm. 

Other  groups  were  subjected  only  to  brain  hyperthermia  and  still  other 
groups  to  combined  hyperthermia  and  RFR.  In  both  sets  of  hyperthermia 
experiments,  brain  temperatures  were  held  constant  by  use  of  heater  pads 
and  a  temperature  regulator.  However,  the  method  used  to  maintain  brain 
temperatures  constant  was  not  described.  At  the  end  of  the  paper,  the 
authors  stated  only  that:  "The  temperature  regulator  was  adjusted  so 
that  power  would  turn  off  when  the  selected  temperature  (35.6  or  37  or 
39  deg  C)  was  reached. 


In  an  auxiliary  experiment,  ATP  and  CP  assays  in  urethane-anesthetized 
RFR-exposed  rats  were  compared  with  similar  assays  in  pentobarbital- 
anesthetized  RFR-exposed  rats  with  the  brains  of  both  groups  held  at 

35.6  deg  C.  The  maximum  deviation  was  4.5X. 

In  the  hyperthermia-only  experiments,  brain  temperatures  of  the  first 
10  urethane-anesthetized,  sham-exposed  rats  were  maintained  at  35.6  deg 
C.  The  assays  of  ATP  and  CP  yielded  mean  concentrations  of  2.47  +/- 
0.03  (SE)  and  3.44  +/-  0.11  micromoles/g ,  respectively.  As  indicated  by 
the  authors,  these  values  did  not  differ  significantly  from  those 
reported  by  Sanders  et  al .  (1980)  (for  0  mW/sq  cm  in  Tables  33  and  34). 
The  authors  then  sham-exposed  groups  with  brain  temperatures  maintained 
at  37.0,  39.0,  or  41.0  deg  C  and  plotted  the  mean  ATP  and  CP  concentra¬ 
tions  vs  brain  temperature  as  percentages  of  the  concentrations  at  35.6 
deg  C.  The  percentages  of  both  ATP  and  CP  declined  monotonically  with 
increases  in  brain  temperature,  with  the  rate  of  decline  for  CP  higher. 
At  39  deg  C,  ATP  and  CP  decreased  to  about  90X  and  701,  respectively,  at 
41  deg  C,  the  decreases  were  to  about  70X  and  45X,  respectively. 

Rats  with  brain  temperatures  held  at  35.6  deg  C  were  exposed  for  0.5, 
1,  2,  3,  or  5  min  at  13.8  mW/sq  cm,  and  the  percentage  increase  in  NADH 
and  mean  percentages  of  ATP  and  CP  (relative  to  the  concentrations  at 

35.6  deg  C  for  sham-exposed  rats)  were  plotted  vs  exposure  duration. 
These  results,  displayed  in  Fig.  3  of  the  paper,  were  evidently  the  same 
as  those  shown  in  Fig.  1  of  Sanders  et  al.  (1980),  i.e.,  ATP  decreased 

to  about  75X  and  CP  to  about  60X  in  the  first  half-min.  A  similar  set 

of  experiments  was  performed  with  brain  temperatures  held  at  39.0  deg  C 
(RFR  plus  hyperthermia).  At  0  min,  the  ATP  and  CP  levels  respectively 
were  about  90X  and  70X,  decreases  ascribed  to  the  hyperthermia,  and  the 
levels  declined  further  to  minima  of  about  60X  and  45X  by  1  min  of 
exposure.  By  5  min,  the  ATP  level  rose  linearly  to  about  80X  and  the  CP 
level  rose  nonmonotonlcally  to  about  50X. 

A  group  of  sham-exposed  rats  with  brain  temperatures  at  35.6  deg  C  was 
rendered  hypoxic  by  giving  them  air  consisting  of  2X  oxygen  and  98X  ni¬ 
trogen  for  0.5,  1,  or  2  min.  At  0.5  and  1  rain,  the  mean  ATP  level  of 
these  rats  remained  100X  but  dropped  to  about  85X  at  2  min-,  by  contrast, 
the  mean  CP  level  dropped  to  80X  and  60X  at  0.5  and  1  min,  and  further 

to  about  25X  at  2  min.  The  authors  stated:  "Note  that  in  the  hypoxic 

animals  brain  ATP  did  not  decrease  until  CP  decreased  below  59X  of  con¬ 
trol  levels.  This  illustrated  the  functional  role  of  CP  as  a  support 
system  for  maintaining  ATP  within  narrow  limits.  Brain  CP  will  decrease 
to  levels  of  approximately  55-60X  of  control  levels  at  normothermic 
conditions  before  any  significant  decrease  in  ATP  can  be  observed." 

The  general  conclusion  was:  "The  decreases  in  ATP  and  CP  in  the  39  deg 
C  brain  during  microwave  exposure  were  significant  and  resulted  in  ATP 
and  CP  being  much  lower  than  observed  at  35.6  deg  C.  Thus,  at  39  deg  C 
when  the  brain  metabolic  rate  was  increased,  subsequent  microwave  expo¬ 
sure  rapidly  induced  further  decreases  in  ATP  and  CP,  similar  to  the 

35.6  deg  C  microwave  exposure  data,  ie,  without  a  further  increase  in 
brain  temperature;  [these  results]  are  consistent  with  the  concept  of 


direct  microwave  inhibition  of  energy  metabolism."  The  latter  statement 
seems  open  to  question,  however,  because  with  an  estimated  local  SAR  of 
8.5  W/kg  at  13.8  raW/sq  cm,  considerable  heating  must  have  occurred. 

In  another  paper,  Sanders  et  al  .  (1984)  described  the  results  of  ami 
lar  experiments,  but  with  frequencies  of  200  MHz  and  2.45  GHz  in  addi¬ 
tion  to  591  MHz.  In  this  study,  rats  (surgically  prepared  as  in  the 
previous  studies)  were  exposed  to  RFR  in  a  horizontal  microstrip  trans 
mission  line  system  having  a  6-cm  plate  separation,  with  the  anesthe¬ 
tized  rat  placed  on  the  ground  plane.  Precautions  were  taken  to  ensure 
that  RFR-induced  artifacts  in  NADH  fluorescence  were  negligible  Inci¬ 
dent  power  densities  at  the  position  of  the  rat’s  head  (in  the  absence 
of  the  rat)  were  measured  with  a  Raharo  radiation  hazard  meter 

Local  SARs  at  a  depth  of  2-3  mm  below  the  top  surface  of  the  brain  -f 
a  dead  rat  were  determined  from  measurements  of  temperature  rise  vs  t  ime 
with  a  Vitek  isotropic  probe  during  exposure  of  the  carcass  to  each 
frequency  at  60  and  100  mW/sq  cm.  The  normalized  SARs  at  200,  *>  <J  i  .  and 
2*50  MHz  were  0.046,  0.185,  and  0.368  W/kg  per  mW/ sq  cm 

Brain  temperature  at  the  same  depth  was  measured  with  the  Vitek  probe 
in  uret hane- anest het  i  zed  rats.  The  authors  noted  that  the  concentre 
t ions  of  ATP  and  CP  did  not  significantly  change  when  brain  temperature 
varied  by  0.4  deg  C  (Sanders  and  Joines,  19B*i  and  that  urethane  anes 
thetic  lowers  the  rat's  body  temperature  to  about  3  4  4  deg  C  Thev 
stated:  "Consequently,  the  brain  temperature  in  these  experiments  was 

maintained  at  35.6  ♦/-  0.3  deg  C  using  a  hot  air  blower  which  was  dire, 
ted  into  the  microstrip  toward  the  animal.  The  blower  cycled  on  and  off 
when  the  brain  temperature  reached  35.3  and  35.8  deg  C,  respect  iveiv 
Occasionally,  the  brain  temperature  would  increase  to  15.9  deg  C  With 
out  the  blower,  we  found  that  the  brain  temperature  in  sham-exposed  ani 
mals  would  decrease  from  35.6  deg  C  to  35.1  deg  C  in  5  min  In  RF  ex 
posed  animals  the  brain  t  empe  rature  did  not  decrease  as  rapidly  and  the 
blower  ran  less  often.  On  average,  the  temperature  of  the  brain  in  RF  - 
exposed  animals  was  somewhat  lower  than  in  sham-exposed  animals,  :e.  in 
the  RF-exposed  animals  the  brain  temperature  was  between  35.4  and  35. 6 
deg  C  much  of  the  time.” 

The  authors  indicated  that  brai"  fluorescence  varied  widely  from  rat 
to  rat  because  of  differences  in  brain  vasculature  and  noted:  "There¬ 
fore,  the  fluorescence  data  for  different  animals  should  not  be  aver¬ 
aged;  each  animal  must  be  used  as  its  own  control."  For  this  reason, 
the  percent  changes  in  NADH  level  for  six  individual  rats  exposed  to 
200-MHz  RFR  at  power  densities  in  the  range  0.5-40,0  mW/sq  cm  (0.02-1.84 
W/kg)  and  for  six  other  rats  exposed  to  591-MHz  RFR  in  the  same  power- 
density  range  (0.0 9-7.40  W/kg)  were  tabulated  in  the  paper.  At  200  and 
591  MHz,  there  was  a  dose-response  relationship  for  each  rat  in  the  per¬ 
centage  change  in  NADH  for  levels  up  to  10  mW/sq  cm  (0.46  and  1.85  W/kg, 
respectively).  Above  this  power  density,  the  NADH  responses  showed  pla¬ 
teaus.  At  2.45  GHz,  significant  NADH  changes  were  not  observed,  leading 
the  authors  to  suggest  that  the  effect  was  frequency-dependent. 


The  authors  also  suggested  that  the  important  exposure  parameter  may 
be  the  electric  field  intensity  in  brain  tissue,  and  using  the  dielec¬ 
tric  constant  and  conductivity  for  each  frequency,  they  converted  inci¬ 
dent  power  densities  to  tissue  field  strengths,  obtaining  12.5,  22.5, 
and  20  7  V/m  per  mW/sq  cm  for  200,  591,  and  2450  MHz,  respectively.  In 
addition,  by  extrapolating  the  200-  and  591-MHz  curves  for  maximum  and 
minimum  NADH  change  to  zero  (the  abscissa  where  the  two  curves  met), 
they  estimated  that  the  threshold  field  for  effect  was  3-5  V/ra. 

The  curves  for  percent  NADH  increase  and  percentage  changes  in  ATP  and 
CP  vs  duration  for  exposure  to  591  MHz  at  13.8  mW/sq  cm  (2.6  W/kg,  311 
V . m '  were  stateo  to  be  the  same  as  those  given  in  Fig.  1  of  Sanders  et 
al  (i960).  For  200  MHz  (0.63  W/kg,  173  V/m),  the  NADH  fluorescence 
curve  and  percentage  concentrations  of  ATP  were  qualitatively  similar  to 
those  for  591  MHz,  but  the  changes  were  smaller:  at  0.5  min,  the  NADH 
fluorescence  increased  to  a  maximum  only  about  51  above  controls  and  ATP 
concentration  dropped  to  about  801  of  controls;  however,  the  changes  in 
CP  concentration  were  nonsignificant  for  all  durations  (up  to  5  min). 

For  2.45  GHz  (5.1  W/kg,  286  V/m),  no  changes  were  seen  in  NADH  level  (as 
noted  above)  and  the  percentage  changes  in  ATP  and  CP  concentrations 
were  statistically  nonsignificant. 

Last,  rats  were  exposed  to  591-MHz  RFR  at  13.8  mW/sq  cm  for  durations 
up  to  20  min.  The  data  for  durations  up  to  5  min  were  the  same  as  those 
in  Fig.  1  of  Sanders  et  al .  (1980).  Beyond  5  min,  the  NADH  level  con¬ 
tinued  to  slowly  rise  linearly,  to  a  level  101  above  baseline  at  20  min 
(about  equal  to  the  maximum  level  at  0.5  min).  The  ATP  concentration 
continued  to  decrease  linearly,  from  881  of  controls  at  5  min  to  651  at 
20  min.  The  CP  concentration,  65X  of  controls  at  5  min,  dropped  to  a 
minimum  of  45X  at  10  min  and  rose  to  60X  at  20  rain. 

In  their  discussion  the  authors  noted:  "Adenosine  triphosphate  [ATP] 
is  a  key  compound  in  energy  metabolism  because  it  is  the  carrier  of  en¬ 
ergy  to  the  processes  in  living  cells.  The  relationship  of  ATP  to  CP 
and  NADH  in  the  metabolic  pathway  of  energy  production  has  been  des¬ 
cribed  in  detail  elsewhere  (Siesjo,  1978).  Briefly,  NADH  is  oxidized  to 
produce  ATP  in  the  mitochondria.  In  addition,  brain  ATP  concentration 
is  maintained  at  the  expense  of  CP.  Siesjo  (1978)  has  shown  in  the  hy¬ 
poxic  rat  that  brain  ATP  was  maintained  at  control  levels  when  the  CP 
concentration  had  decreased  to  62. 4X  of  control  CP  levels.  Also,  when 
the  CP  concentration  had  decreased  to  35. 3X  of  control  levels,  brain  ATF 
had  decreased  to  only  77. 8X  of  control  levels.  Therefore,  when  demand 
for  ATP  is  higher  than  the  mitochondrial  production  capacity,  CP  is 
rapidly  converted  to  ATP  by  CP-kinase  to  sustain  ATP  levels,  and  signi¬ 
ficant  decreases  in  CP  levels  are  observed  prior  to  any  decrease  in 
ATP."  Thus,  in  interpreting  their  results,  the  authors  stated: 

"In  the  experiments  presented  here,  increased  NADH  levels  suggest  a: 
inhibition  of  mitochondrial  oxidative  phosphorylation.  This  reveis.'  *- 
effect  occurs  during  irradiation  at  200  MHz  and  591  MHz  but  n.  t  a*  .  - 

MHz... at  591  MHz  the  CP  concentration  drops  more  rapidly  than  the  a' 
concentration,  which  is  expected.  However,  the  ATP  cor,,  er.t  r  a’  • 
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be  maintained  until  the  CP  concentration  drops  below  60Z  of  normal 
levels.  This  is  clearly  not  the  case  here,  where  the  microwave  expo¬ 
sures  resulted  in  a  decrease  in  ATP  levels  to  75Z  of  controls  when  CP 
levels  are  no  lower  than  60Z  of  controls.  During  the  200-MHz  exposures, 
brain  ATP  levels  decreased  to  80-90Z  of  controls  even  though  CP  levels 
were  not  significantly  decreased.  These  results  are  not  consistent  with 
normal  energy  metabolism  where  ATP  levels  are  maintained  at  the  expense 
of  CP,  and  suggest  that  at  200  MHz  there  is  RF  inhibition  of  the  CP- 
kinase  reaction  converting  CP  to  ATP.” 

In  still  another  study,  Sanders  et  al.  (1985)  compared  the  effects  of 
CW,  sinusoidal-amplitude-modulated,  and  pulsed  591-MHz  RFR  on  NADH 
fluorescence  and  concentrations  of  ATP  and  CP  in  the  brains  of  rats 
prepared  as  in  the  previous  studies  and  exposed  in  the  microstrip 
system.  The  initial  temperature  in  the  brain  of  the  anesthetized  rat 
was  35.6  deg  C  and  decreased  by  0.27  deg  C  during  5-min  exposure  at  13.8 
mW/sq  cm.  No  increase  in  brain  temperature  was  seen  during  any  of  the 
RFR  exposures.  As  in  Sanders  et  al.  (1984),  because  of  the  brain 
vascularity  differences  among  rats,  each  rat  served  as  its  own  control 
for  NADH  fluorescence,  i.e. ,  changes  were  expressed  as  percentages  of 
its  preexposure  (baseline)  NADH  level. 

In  the  sinusoidal-modulation  experiments,  the  modulation  was  essen¬ 
tially  100Z  at  frequencies  ranging  from  4  to  32  Hz  in  4-Hz  increments, 
and  the  exposures  were  for  5  min  at  average  power  densities  of  10  and  20 
mW/sq  cm  (1.8  and  3.6  W/kg).  Mean  percentage  increases  in  NADH  fluores¬ 
cence  vs  modulation  frequency  were  plotted  (with  SE  bars)  separately  for 
the  two  RFR  levels.  At  20  mW/sq  cm,  NADH  fluorescence  was  about  9Z 
higher  than  baseline  for  modulations  at  4  and  8  Hz,  it  increased  to  a 
maximum  of  HZ  at  24  Hz,  and  decreased  to  slightly  less  than  9Z  at  32 
Hz.  The  changes  at  10  mW/sq  cm  were  qualitatively  similar  but  smaller, 
ranging  from  about  4.5Z  above  baseline  at  4  Hz  to  a  relatively  flat 
maximum  of  about  5.5Z  at  16  Hz.  The  SEs  at  both  RFR  levels  were  about 
10Z  of  the  means.  By  analysis  of  variance  (ANOVA)  and  comparison  of 
treatment  to  control,  the  effect  of  exposure  and  difference  in  exposure 
levels  were  both  statistically  significant  (p <0.001).  However,  although 
the  data  on  modulation  frequencies  appeared  to  indicate  a  trend,  the 
difference  across  modulation  frequency  was  nonsignificant  (p>0.1). 

In  the  pulsed-RFR  experiments,  the  pulses  used  were  5  microseconds  in 
duration  at  250  or  500  pps  and  the  average  power  densities  ranged  from 
0.5  to  13.8  mW/sq  cm  (0.09  to  2.5  W/kg).  The  percentage  increases  in 
NADH  fluorescence  were  plotted  vs  average  power  density  for  each  of  four 
rats  given  500  pps.  At  13.8  mW/sq  cm  (2.5  W/kg),  the  largest  and 
smallest  increases  in  NADH  fluorescence  were  about  8Z  and  4Z,  but  the 
thresholds  for  all  four  rats  were  within  the  range  0.4-0. 5  mW/sq  cm 
(0.07-0.09  W/kg).  Also  shown  was  the  curve  for  one  of  two  rats  given 
250  pps.  At  13.8  raW/sq  cm,  its  increase  in  NADH  fluorescence  was  about 
5Z,  but  its  threshold  was  within  the  range  1.8-1. 9  mW/sq  cm  (0.33-0.34 
W/kg),  about  fourfold  higher  than  for  the  rats  given  500  pps.  Analyses 
of  variance  of  the  NADH  data  for  rats  given  250  and  500  pps  (six  each) 
indicated  a  significant  effect  of  exposure  for  each  type  of  modulation. 
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The  effects  of  CW ,  16-Hz  amplitude-modulated,  and  pulsed  (500  pps) 
591-GHz  RFR,  all  at  13.8  mW/sq  cm  (2.5  W/kg)  for  durations  of  0  (sham), 
0.5,  1,  and  5  min  on  the  mean  ATP  and  CP  concentrations  were  tabulated 
for  comparison.  Multivariate  ANOVA  indicated  a  highly  significant  ef¬ 
fect  of  exposure  (p<0.001,  Hotelling-Lawley)  on  the  joint  ATP-CP  re¬ 
sponse  and  that  the  partial  correlation  between  ATP  and  CP  was  high 
(p<0.001).  The  authors  noted  that  this  correlation  was  expected  because 
the  function  of  the  CP-creatine  phosphokinase  system  is  to  maintain  ATP 
levels.  The  ATP  and  CP  levels  of  all  treated  rats  except  one  differed 
significantly  from  the  levels  for  sham-exposed  rats  (p<0.05,  Dunnett's 
test).  The  ATP  level  for  one  rat  exposed  to  the  pulsed  RFR  for  5  min 
was  the  exception.  The  authors  stated:  "The  significance  levels  associ¬ 
ated  with  the  CP  data  should  be  viewed  with  some  caution,  however,  since 
Bartlett's  test  showed  unusual  variability  in  the  standard  deviations." 

From  the  tabulated  data,  the  mean  ATP  or  CP  concentrations  for  expo¬ 
sure  to  CW,  amplitude-modulated,  and  pulsed  RFR  did  not  differ  signifi¬ 
cantly  for  corresponding  durations. 

The  authors  stated  in  their  discussion:  "The  change  in  brain  tempera¬ 
ture  was  found  to  be  -0.1  to  -.04  deg  C  compared  to  preexposure  tempera¬ 
tures  during  all  exposures;  ie,  from  the  initial  temperature  of  35.6  deg 
C  the  final  brain  temperature  was  in  the  range  of  35.2  to  35.5  deg  C 
after  a  5-min  exposure.  Thus  the  observed  changes  in  brain  NADH  fluor¬ 
escence  and  ATP  and  CP  concentrations  cannot  be  attributed  to  microwave- 
induced  brain  hyperthermia.  The  changes  are  consistent  with  the  hypo¬ 
thesis  of  direct  microwave  inhibition  of  ATP  production  in  the  mitochon¬ 
dria,  possibly  by  microwave-induced  molecular  dipole  oscillations  in  the 
divalent  metal-containing  enzymes  and/or  electron  transfer  sites;  such 
action  could  compromise  the  conformation  and/or  stereospecificity 
requirements  for  normal  function." 

In  overall  conclusion,  RFR  can  cause  observable  histopathological  and 
histochemical  changes  in  the  central  nervous  system  of  animals,  but  most 
of  the  positive  findings  were  evidently  thermally  induced.  The  studies 
by  Sanders  and  coworkers,  however,  are  of  considerable  interest  because 
their  positive  results  were  obtained  in  the  absence  of  measurable  tissue 
hyperthermia.  The  significance  of  their  findings  (direct-RFR-inhibition 
of  respiratory  chain  function)  with  regard  to  possible  hazards  to  human 
health  is  not  clear  at  present. 
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3.4.3  ALTERATIONS  OF  THE  ELECTROENCEPHALOGRAM  AND  EVOKED  RESPONSES 


Various  studies  have  been  conducted  on  the  effects  of  exposure  of 
animals  to  RFR  on  the  electroencephalogram  (EEG)  and/or  stimulus-evoked 
responses  (ERs).  In  many  early  studies,  metallic  electrodes  were  either 
attached  to  the  scalp  or  implanted  in  the  brain  prior  to  exposure  of  the 
animal  to  RFR  and  were  present  during  exposure.  Johnson  and  Guy  (1972) 
pointed  out  that  such  metallic  electrodes  can  grossly  perturb  the  fields 
and  produce  greatly  enhanced  absorption  of  energy  in  the  vicinity  of  the 
electrodes,  thereby  yielding  false  or  misleading  results. 

Examples  of  the  magnitude  of  such  enhancement  were  given  in  a  National 
Academy  of  Sciences  publication  (NAS,  1979):  For  an  implanted  insulated 
wire,  with  the  end  of  the  conductor  in  direct  contact  with  the  tissue 
and  a  length-to-radius  ratio  of  the  wire  of  100:1,  the  SAR  enhancement 
factor  is  of  the  order  of  100,000.  Such  enhancements  can  result  in 
transient  heating  of  the  tissue  volume  in  the  immediate  vicinity  of 
conductive  implants  exposed  to  RFR  with  time-averaged  power  densities 
greater  than  0.001  raW/sq  cm.  In  such  volumes,  the  greatly  enhanced 
fields  per  se  are  also  likely  to  cause  artifacts  in  nervous-system- 
tissue  function  because  of  the  sensitivity  of  such  tissue  to  electrical 
stimulation  by  induced  currents. 

Such  biological  artifacts  should  not  be  confused  with  possible  record¬ 
ing  artifacts  in  EEGs  or  ERs  produced  by  pickup  of  fields  by  the  elec¬ 
trodes  and  leads  during  exposure  of  the  animal.  Recording  artifacts 
have  been  avoided  by  making  the  recordings  before  and  after  exposure, 
but  at  the  expense  of  missing  effects  that  may  occur  solely  or  have  sig¬ 
nificantly  different  characteristics  during  exposure.  Moreover,  such 
artifacts  can  usually  be  rendered  negligible  by  appropriate  filtering, 
but  the  field-enhancement  biological  artifacts  cannot.  It  should  be 
noted  also  that  many  EEG  and  ER  studies  were  performed  on  heavily 
sedated  animals,  with  barbiturates  as  the  usual  drugs.  Hence,  the 
responses  reported  may  not  necessarily  reflect  those  expected  in  normal 
alert  animals. 

Frey  et  al.  (1968)  described  a  coaxial  electrode  designed  to  convey 
and  record  potentials  evoked  in  the  brain  stem  of  the  cat  during  expo¬ 
sure  to  RFR  in  the  UHF  range.  The  device  was  fabricated  from  an  Amphe¬ 
nol  27-8  subminiature  coaxial  connector,  into  which  a  section  of  stain¬ 
less-steel  tubing  (20-gauge)  was  inserted  and  fastened,  to  serve  as  the 
outer  coaxial  conductor  and  electrical  shield  for  the  electrode  proper. 
The  electrode  was  a  length  of  30-gauge  stainless-steel  wire  in  coaxial 
alignment  within  the  shield,  with  one  end  fastened  to  the  center  pin  of 
the  connector  and  the  other  end  for  implantation  in  the  subject. 

Tyazhelov  et  al.  (1977)  discussed  the  artifact  problems  and  pointed 
out  that  even  for  the  coaxial  electrode  developed  by  Frey  et  al.  (1968), 
in  which  the  end  of  the  inner  conductor  is  the  recording  electrode  and 
is  shielded  from  the  RFR  by  the  outer  conductor,  diffraction  of  the  RFR 
is  still  a  major  source  of  error  because  of  the  outer  electrode's  metal¬ 
lic  nature  and  large  dimensions.  To  diminish  the  problems,  Tyazhelov  et 


al.  (1977)  developed  electrodes  of  high  linear  resistance  (>100  kil- 
ohras/m)  and  used  appropriate  filtering  of  the  recorded  signals.  In  this 
paper,  they  also  indicated  that  Soviet  investigators  were  aware  of  ques¬ 
tions  about  the  validity  of  data  and  conclusions  from  experiments  con¬ 
ducted  in  the  U.S.A.  as  well  as  the  USSR  with  animals  having  indwelling 
metallic  electrodes  during  exposure. 

Lambert  et  al.  (1972)  studied  the  effects  of  exposure  to  2.45-GHz  CW 
RFR  at  176  and  88  mW/sq  cm  ("full  dose"  and  "half-dose")  on  performance 
of  young  beagles  trained  to  traverse  a  runway  for  food  reward  and  on 
their  EEGs  and  ECGs.  Twenty-four  beagles  (12  each  male  and  female)  10 
weeks  old  were  trained  to  seek  Hills  Canned  Dog  Food  in  a  runway  9.4  m 
long  and  0.6  m  wide,  entered  from  a  start  box  via  a  guillotine  gate. 
Since  the  dogs  preferred  this  food  over  their  usual  diet  of  dry  kibble 
and  because  the  dogs  developed  a  social  bond  with  the  investigators,  the 
latter  found  it  unnecessary  to  train  the  dogs  on  a  food  deprivation 
schedule  for  motivation.  Radio  programs  served  as  random  background 
noise,  and  the  start-box  ventilation  fan  provided  more-uniform  noise. 

In  a  4-day  initial  "shaping"  of  responses,  the  time  each  dog  spent  in 
the  start  box  before  the  gate  to  the  runway  was  opened  was  increased 
from  1  min  on  the  first  day  to  20  min  on  the  fourth  day.  At  the  end  of 
this  stage,  the  dogs  "were  approaching  the  reward  with  eagerness,  i.e., 
total  time  to  traverse  the  runway  was  between  4  and  10  seconds."  In  a 
3-day  final  stage  of  shaping,  the  procedure  was  similar  but  an  auditory 
cue  consisting  of  a  double  knock  on  the  wall  of  the  start  box  signaled 
the  opening  of  the  gate.  At  the  end  of  the  final  stage,  the  traverse 
times  of  all  dogs  were  in  the  range  3.8  to  7.9  seconds.  Because  the 
performance  times  varied  only  slightly  and  appeared  to  be  uniformly 
distributed,  the  dogs  were  randomly  assigned  to  three  treatment  groups 
(8  dogs  each):  (a)  sham-control,  (b)  half-dose,  and  (c)  full-dose. 

A  standard-gain  horn  was  mounted  above  the  start  box  so  that  the  cen¬ 
ter  of  the  body  of  a  standing  dog  was  about  0.5  ra  from  the  neck  of  the 
horn,  and  blocks  of  RFR-absorption  material  were  placed  under  the  box. 
With  176  raW/sq  cm  at  0.5  ra  along  the  horn  axis,  the  horizontal  spatial 
variation  of  power  density  within  the  start  box  at  that  distance  was 
mapped  with  a  Narda  radiation  survey  meter.  At  10  cm  radially  off-axis, 
the  power  densities  were  about  half  the  on-axis  value,  so  the  spatial 
mean  power  density  was  less  than  the  nominal  (on-axis)  value,  and  dog 
movements  within  the  box  created  uncertainties  in  time-averaged  values. 
The  source  power  was  halved  for  exposures  at  88  mW/sq  cm  (on-axis).  For 
a  prolate-spheroidal  model  of  a  beagle,  the  normalized  whole-body  SARs 
in  the  E-  and  H-polarizations  are  respectively  about  0.04  and  0.05  W/kg 
per  mW/sq  cm  (Durney  et  al.,  1978,  p.  91),  so  the  SARs  corresponding  to 
the  two  on-axis  power  densities  were  about  8  and  4  W/kg.  Each  treatment 
group  was  tested  under  the  following  three  conditions: 

(I)  Each  dog  was  retained  in  the  start  box  for  20  rain  and  given  the 
treatment  specified  for  the  group  (sham-exposure,  half-dose,  or  full- 
dose).  At  the  end  of  the  20  min,  the  auditory  cue  was  given,  the  gate 
was  raised,  the  treatment  was  halted,  and  the  interval  for  the  dog  to 


reach  the  food  pan  at  the  end  of  the  runway  after  raising  the  gate  was 
determined  with  a  manually  operated  timer.  All  24  dogs  were  tested 
under  Condition  I  in  one  day. 

(II)  The  dogs  were  tested  similarly,  except  for  increase  of  treatment 
duration  to  1  hr.  Condition  II  was  started  on  the  day  following  tests 
under  Condition  I  and  required  four  days  to  complete.  On  the  day  after 
completion  (presumably  the  day  after  each  dog  was  tested  under  this 
condition),  all  dogs  were  examined  for  residual  effect  from  the  previous 
treatments  by  testing  each  again  after  no  treatment. 

(III)  Two  days  after  the  intercondition  control  run,  the  dogs  in  each 
group  were  treated  for  15  min,  but  the  task  was  rendered  more  difficult 
by  placing  the  food  reward  in  the  start  box  after  the  dog  was  released, 
to  enhance  possible  performance  differences  among  the  RFR-  and  sham- 
exposed  groups. 

By  analysis  of  variance,  the  differences  in  performance  times  among 
the  three  groups  were  not  significant  under  each  condition  or  among  the 
three  conditions  or  the  intercondition  control  run.  The  authors  noted: 
"Although  the  dogs  were  confined  to  a  relatively  small  space  in  the 
start  box,  it  was  possible  for  them  to  easily  turn  around,  stand  up,  lie 
down,  and  be  facing  toward  or  away  from  the  start  gate.  This  procedure 
had  the  disadvantage  regarding  the  irradiation  exposure,  but  an  advan¬ 
tage  regarding  the  restraint  of  the  animals.  Since  the  subjects  were 
randomly  assigned  to  the  treatment  groups  and  none  was  handled  or 
'shaped'  preferentially,  it  could  be  assumed  that  the  probabilities  for 
the  contingencies  within  the  start  box,  except  for  the  independent 
variable  of  exposure,  are  the  same  for  each  group." 

Eight  days  after  the  performance  tests,  all  of  the  dogs  were  examined 
clinically  for  effects  of  the  RFR  exposures  and  found  to  be  normally 
healthy.  Eye  examinations  with  an  ophthalmoscope  showed  no  signs  of 
cataracts.  EEGs  and  ECGs  were  then  recorded,  with  the  identity  of  the 
three  groups  retained.  For  this  purpose,  each  dog  was  intravenously 
anesthetized  to  a  light  surgical  level  with  sodium  pentobarbital.  Ten 
min  later,  recordings  of  monopolar  EEGs  from  the  left  and  right  frontal 
and  occipital  (LF,  RF,  LO,  and  RO)  sites  were  started  on  magnetic  tape 
with  EEG  amplifiers  having  an  upper  frequency  limit  of  100  Hz  and  a 
lower  cut-off  filter  at  0.35  Hz.  Also  recorded  was  a  Lead-II  ECG.  All 
of  the  subcutaneous  needle  electrodes  were  kept  in  place  throughout  the 
experiment.  Normal  activities  were  recorded  for  5  min  before  normal 
visual  evoked  responses  (VERs)  and  auditory  evoked  responses  (AERs)  were 
elicited.  The  VER  for  each  site  was  the  average  of  the  EEG  responses  to 
100  diffuse  light  flashes,  and  the  AER  for  each  site  was  the  average  of 
the  EEG  responses  to  100  presentations  of  a  70-dB,  2-kHz  tone. 

After  5  min  of  recording  normal  VERs  and  AERs,  the  heads  of  the  dogs 
in  each  group  (with  vertex  on  the  horn  axis)  were  given  the  appropriate 
treatment  for  that  group  (sham-  ,  half-dose,  or  full-dose  exposure)  for 
20  rain.  After  the  first  5  min  of  treatment,  a  VER  was  recorded  followed 
by  an  AER.  Post-treatment,  VERs  were  obtained  at  1,  8,  and  15  min,  and 
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AERs  at  3,  10,  and  17  min.  A  special-purpose  digital-type  correlator 
was  used  to  analyze  the  EEGs .  Autocorrelation  and  probability-density 
functions  were  calculated  for  each  site,  and  crosscorrelation  functions 
were  calculated  for  the  RF  and  LO  sites  with  the  RF  function  delayed. 

Stated  in  a  footnote:  "The  authors  were  keenly  aware  of  the  possibil¬ 
ity  that  metal  recording  electrodes  within  the  exposure  field  could 
produce  undesirable  perturbations  of  the  microwave  field... A  preliminary 
experiment  with  dogs  was  conducted  in  which  EEGs  and  their  functions 
were  compared  after  having  been  recorded:  (1)  with  the  scalp  electrodes 
in  place  during  the  exposure  and  (2)  with  the  scalp  electrodes  placed  at 
the  termination  of  the  exposure.  Little  difference  could  be  noted  in 
the  results  and  no  heating  of  the  electrodes  was  detected ...  In  a  similar 
fashion,  records  of  brain  temperatures  were  compared.  An  artifact  asso¬ 
ciated  with  the  thermistor  was  noted  when  the  microwave  generator  was 
turned  'on'  and  'off'.  However,  when  the  temperature  curve  was  correct¬ 
ed  for  the  step  at  'on',  it  was  similar  to  the  curve  recorded  by  placing 
the  thermistor  at  one  minute  intervals  with  the  generator  'off'  to  make 
the  reading.  No  problems  were  associated  with  the  electrocardiogram, 
since  the  subcutaneous  needle  electrodes  were  at  the  periphery  or  out¬ 
side  of  the  exposure  field." 

A  control  dog  that  died  accidentally  during  anesthesia  induction  was 
used  immediately  to  record  RFR  heating  effects  in  the  head.  Thermistor 
probes  were  placed  under  the  scalp,  on  the  dura,  and  subdermally  under 
the  head,  and  temperatures  were  recorded  at  full-dose  exposure.  The 
resulting  temperatures  were  corrected  for  the  RFR-probe  interaction 
mentioned  in  the  footnote.  The  temperature  at  the  cortical  surface  rose 
from  37  to  about  41  deg  C  during  the  first  5  min,  and  then  more  slowly 
linearly  to  about  45  deg  C  at  16  min  of  exposure.  During  that  period, 
the  temperature  changes  at  the  other  two  sites  did  not  exceed  about  1 
deg  C.  Also  monitored  was  the  dog's  body  temperature  with  an  esophageal 
probe,  and  was  found  to  not  vary  appreciably.  In  addition  to  the  dead 
control  dog,  one  dog  from  the  half-dose  group  died  from  unexplainable 
causes  on  the  day  after  anesthesia  induction. 

The  EEG  autocorre lograras  obtained  for  each  site  before  and  after  head 
treatment  were  compared  for  the  mean  square  relative  amplitude  and  the 
periodicity  of  the  function.  The  pre-treatment  and  post-treatment  auto- 
correlograms  for  the  sham  group  differed  little,  and  the  differences 
among  the  pre-treatment  autocorrelograms  for  the  three  groups  were 
small.  However,  the  autocorrelograms  for  both  RFR  groups  showed  sizable 
increases  in  mean  square  amplitude  and  variable  reaction  in  periodicity. 
(Pre-  and  post-treatment  autocorrelograms  at  the  RF  and  LO  sites  for 
representative  dogs  of  the  three  treatment  groups  were  shown.) 

The  crosscorrelograms  for  the  RF  and  LO  sites  showed  post-exposure 
differences  in  peak  amplitude  and  time  of  peak  correlation  (relative  to 
pre-treatment  values).  The  mean  changes  for  the  sham,  half-dose,  and 
full-dose  groups  were  -0.05,  +0.01,  and  +0.15  (volts-squared  per  cm), 
respectively;  the  corresponding  differences  in  time  of  highest  peak 
correlation  were  1.44,  0.64,  and  4.0  milliseconds.  The  pre-  and  post- 


treatment  probability-density  functions  of  the  EEGs  did  not  differ 
significantly  for  the  sham  group,  but  these  functions  for  the  two  RFR 
groups  showed  significant  differences,  with  larger  changes  for  the  full- 
dose  group.  (Pre-  and  post-treatment  probability-density  functions  for 
representative  dogs  of  the  three  groups  were  displayed.) 

Regarding  evoked  responses,  the  authors  stated:  "The  effect  of  the 
microwave  irradiation  on  the  specific  components  of  the  VERs  and  AERs 
were  difficult  to  assess.  Latency  and  amplitude  comparisons  did  not 
unequivocally  demonstrate  an  effect.  It  appeared  that  the  problem  here 
was  the  variable  nature  of  the  response  to  the  microwave  irradiation, 
sometimes  increasing  the  amplitude  and  latency  and  other  times  decreas¬ 
ing  them.  The  presence  of  the  evoked  responses  was  not  affected  at  any 
time  during  and  up  to  20  minutes  after  exposure."  Data  on  mean  laten¬ 
cies  of  the  first  positive  peaks  and  peak-to-peak  amplitudes  of  the  AERs 
and  VERs  (with.SDs)  were  presented  in  Tables  2-5  of  the  paper  to  support 
this  assessment. 

Heart  rates  were  determined  for  20  min  of  treatment  plus  15  min  post¬ 
treatment  and  the  "combined"  means  for  the  35  min  of  each  group  were 
compared  with  their  respective  means  (in  beats  per  min)  for  8  min  of 
pretreatraent .  The  means  and  SDs  for  the  three  groups  are  shown  in  Table 
35  (adapted  from  Table  1  of  the  paper): 

TABLE  35:  RFR  EFFECTS  ON  MEAN  HEART  RATE  (MHR) 

Group  Sham  Half-dose  Full-dose 


Treat.  Time 

Pre- 

Combined 

Pre- 

Combined 

Pre- 

Combined 

MHR 

197.89 

186.64 

200.55 

192.97 

180.54 

187.40 

SD 

14.95 

10.04 

11.58 

14.28 

11.68 

19.13 

The  means  for  the  35-rain  combined  duration  were  slightly  lower  for  the 
sham  and  half-dose  groups  than  for  their  respective  pretreatment  periods 
and  the  combined-duration  mean  for  the  full-dose  group  was  higher  than 
its  pretreatment  mean.  A  trend  analysis  was  performed,  for  which  the 
authors  discarded  the  data  for  one  dog  randomly  selected  from  the  full- 
exposure  group  to  maintain  equal  group  size  (7  dogs  each).  The  results 
showed  that  the  effect  of  treatment  only  was  nonsignificant,  but  that 
the  effect  of  anesthesia  and  of  treatment-anesthesia  interaction  were 
significant  (p<0.05  and  p<0.01,  respectively).  However,  the  authors 
noticed  that  the  full-dose  pretreatment  mean  was  significantly  lower 
(p<0.02,  analysis  of  variance)  than  the  pretreatment  means  for  the  sham 
and  half-dose  groups,  and  stated:  "This  result  implied  a  residual  effect 
from  the  previous  microwave  exposures  in  the  behavioral  experiment." 

To  check  whether  the  observed  bradycardia  could  be  ascribed  to  unequal 
anesthesia,  an  analysis  of  variance  on  the  amounts  of  anesthetic  per 
unit  of  body  weight  was  performed,  which  showed  no  significant  effect. 
The  authors,  noting  that  the  bradycardia  was  observed  in  the  full-dose 
(176-raW/sq-cra)  but  not  in  the  half-dose  (88-mW/sq-cm)  group,  indicated 


that  the  finding  was  consonant  with  the  results  of  Kaplan  et  al .  (1971), 
who  found  that  exposure  of  rabbits  at  RFR  levels  greater  than  100  mW/sq 
cm  was  necessary  for  bradycardia  (see  Section  3.6.3). 

In  overall  summary  of  this  study,  the  authors  stated:  "In  view  of  the 
unresponsiveness  of  the  EEG  to  arousal  stimuli  in  animals  under  pento¬ 
barbital  anesthesia,  the  dissociation  (time  wise)  between  sites  as  sug¬ 
gested  by  the  crosscorrelograms ,  and  the  increase  in  the  voltage  ampli¬ 
tude  as  indicated  by  the  probability  density  functions,  imply  a  paradox¬ 
ical  arousal,  and  would  be  comparable  to  the  increase  in  number  of  slow, 
high  amplitude  waves.  The  results  of  the  behavioral  test  and  the  evoked 
responses  support  this  view.  The  irradiated  animals  did  not  exhibit  a 
decrease  in  alertness  related  performance,  and  the  specific  components 
of  the  sensory  evoked  responses  were  not  materially  affected  by  the  head 
irradiation. " 

Goldstein  and  Cisko  (1974)  studied  EEGs  of  sedated  rabbits  to  deter¬ 
mine  whether  RFR  exposure  would  evoke  arouscl.  "In  order  to  reduce  the 
presence  of  metals  in  the  pathway  of  the  microwaves,"  three  electrodes, 
each  consisting  of  an  "extremely  thin"  (0.01-inch)  Formvar-coated  stain¬ 
less-steel  wire,  were  surgically  implanted,  one  each  above  the  right  and 
left  somatosensory  cortices  and  one  within  the  nasal  bone  as  the  common 
reference  electrode.  Following  recovery,  the  animals  were  trained  to 
sit  quietly  unrestrained  in  an  anechoic  chamber  and  to  accept  intra¬ 
venous  injections  administered  by  remote  control  via  a  catheter  inserted 
in  one  of  the  marginal  ear  veins. 

At  the  outset,  the  authors  noted:  "The  main  complicating  feature  of 
these  studies  is  that,  under  everyday  conditions,  the  EEG  patterns  of 
rabbits  are  quite  variable.  The  animals  oscillate  between  sedation  and 
arousal  unpred ictably .  It  is  therefore  difficult,  when  a  change  from 
one  state  to  another  state  occurs  in  animals  exposed  to  microwaves,  to 
be  confident  that  the  shift  would  have  not  taken  place  spontaneously  in 
the  absence  of  treatment.  One  way  to  deal  with  this  problem  is  to 
induce  a  sustained,  stable  baseline  state." 

Based  on  the  foregoing  and  their  prior  observation  that  9.3-GHz  RFR  is 
stimulatory,  their  procedure  was  as  follows.  At  the  start  of  each 
experimental  session,  the  rabbit  was  left  disturbed  in  the  anechoic 
chamber  for  5-10  min,  after  which  recording  of  its  EEG  was  started. 
Following  a  10-rain  baseline  recording  period,  the  rabbit  was  sedated 
with  sodium  pentobarbital  (4  mg/kg  in  0.1  ml/kg).  Five  minutes  later, 
the  head  of  the  rabbit,  at  about  45  cm  from  a  horn  antenna,  was  sham- 
exposed  or  exposed  for  5  min  to  9.3-GHz  RFR  at  0.7  to  2.8  mW/sq  cm  as 
measured  with  a  Narda  monitor,  and  recording  of  the  EEG  was  continued 
for  30-60  min.  From  Durney  et  al.  (1978),  p.  92,  the  range  of  whole- 
body  SARs  is  estimated  to  have  been  0.07-0.28  W/kg. 

Ninety  experiments  were  run  on  13  rabbits;  551  of  the  experiments  were 
with  RFR-exposure  and  45X  with  sham-exposure,  with  most  rabbits  serving 
as  their  own  controls.  The  brain  electrical  activity  of  each  rabbit  was 
recorded  directly  on  paper  and  concurrently  processed  through  electronic 


integrators,  which  measured  on-line  amplitudes  of  unfiltered  brain  waves 
continuously  and  numerically  expressed  the  results  over  time  for  pre¬ 
set,  fixed  intervals. 

The  first  finding  was  no  detectable  changes  in  EE G  patterns,  their 
integrated  counterparts,  or  animal  behavior  during  the  5  min  of  exposure 
to  RFR.  The  second  finding  was  that  after  a  postexposure  latent  period 
of  3  to  12  min,  a  sudden  arousal  lasting  an  average  of  3  min  occurred, 
followed  by  a  return  to  sedation  and  a  second  arousal  3-5  min  later  that 
lasted  2  to  10  min.  The  authors  indicated  that  alternating  periods  of 
sedation  and  arousal  occurred  up  to  four  times  in  some  experiments.  The 
two  findings  were  illustrated  with  a  representative  example  for  exposure 
at  0.72  mW/sq  cm  (0.07  W/kg),  which  also  showed  a  brief  (1-min)  arousal 
about  6  min  after  the  end  of  exposure.  In  an  example  for  exposure  at  2 
mW/sq  cm  (0.2  W/kg),  the  chronology  was  similar.  There  was  a  decrease 
in  overall  amplitudes  and  a  sixfold  decrease  in  the  standard  deviation 
of  the  distribution  of  amplitudes  during  sustained  arousal. 

The  authors  noted  that  very  similar  decreases  of  mean  amplitudes  and 
variability  were  observed  in  rabbits  treated  with  hallucinogenic  drugs 
but  that  hyperstimulation  with  such  drugs  was  sustained,  whereas  it 
waxed  and  waned  with  RFR.  However,  they  also  stated:  "As  a  matter  of 
fact,  arousals  do  occur  in  control  experiments  without  microwave  expo¬ 
sure,  but  they  are  most  often  of  short  duration,  at  most  1  min."  Such 
occurrences  in  control  rabbits  render  it  difficult  to  interpret  the  re¬ 
sults  with  RFR.  In  addition,  it  seems  unlikely  that  use  of  0.01-inch 
metal  electrodes  reduced  artifact  significantly,  because  this  thickness 
was  much  greater  than  the  metal's  "skin  depth"  at  9.3  GHz  and  because 
thickness  reduction  increases  the  length-to-diameter  ratio  and  hence 
field  enhancement  (NAS,  1979). 

The  authors  also  observed:  "In  the  course  of  the  experiments  reported, 
it  was  found  that  the  microwave  effects  disappeared  when  the  relative 
humidity  reached  or  exceeded  40Z.  It  may  be  that  transmission  of  the 
waves  through  the  fur  is  impaired  in  rabbits  whose  long  hairs  are  known 
to  adsorb  water.  Further  experimentation  is  planned  in  which  this 
environmental  factor  will  be  controlled." 

Dumanskij  and  Shandala  (1974)  conducted  experiments  to  determine  the 
effects  of  chronic  exposure  to  6-m  (50-MHz)  CW  RFR,  12-cm  (2.5-GHz)  CW 
RFR,  or  3-cm  (10-GHz)  pulsed  RFR  (1-microsecond  pulses  at  1000  or  20 
pps)  on  white  rats  and  rabbits.  Exposures  to  50  MHz  were  for  10-12  hr 
daily  at  10,  2.4,  1.9,  0.06,  0.01,  and  0.0006  microwatts/sq  cm  in 
"shortened  wave  guides"  and  involved  128  white  rats  and  28  rabbits. 
Exposures  to  2.5-GHz  CW  RFR  were  for  8  hr  daily  at  10,  5,  1,  or  0.5 
microwatts/sq  cm,  and  those  to  10-GHz  pulsed  RFR  were  also  for  8  hr 
daily  at  10,  5,  or  1  microwatts/sq  cm;  100  rats  and  32  rabbits  were 
used.  The  duration  for  all  three  frequencies  was  120  days  with  a  post¬ 
exposure  followup  of  60  days. 

The  authors  noted  that  exposure  to  RFR  at  all  three  frequencies  during 
the  first  10-12  days  resulted  in  some  changes  in  the  general  status  of 


the  animals,  that  they  were  somewhat  excited  and  reacted  to  switching-on 
of  the  RFR.  These  changes  led  the  authors  to  study  the  conditioned 
reflexes  of  the  animals,  and  periodic  changes  thereof  were  reported;  the 
latent  periods  were  longer,  reflex  reactions  to  positive  stimuli  were 
weakened,  and  the  numbers  of  missing  reactions  were  increased.  They 
gave  no  data  on  conditioned  reflexes,  but  stated  that  the  levels  of  RFR 
that  yielded  statistically  significant  changes  were  1.9-10  microwatts/sq 
cm  for  50  MHz  and  5-20  microwatts/sq  cm  for  the  other  two  frequencies. 
Data  on  EEG  studies  of  the  rabbits  at  50  MHz  were  then  presented.  The 
results,  determined  before  exposure  and  after  2,  10,  30,  and  60  days  of 
exposure,  were  expressed  as  means  and  SDs  of  "slow,  intermediate,  and 
fast"  biocurrent  rhythms  for  rabbit  groups  (of  unstated  size)  exposed  at 
10,  1.9,  and  0.01  microwatts/sq  cm  and  for  controls. 

For  the  controls  and  the  group  exposed  at  0.01  microwatts/sq  cm  at  the 
successive  time  periods,  all  three  biocurrent  rhythms  Showed  relatively 
small  increases  and  decreases,  but  presumably  the  changes  were  not  sta¬ 
tistically  significant.  For  the  group  exposed  at  1.9  microwatts/sq  cm, 
however,  there  were  nonmonotonic  changes  in  slow-wave  biocurrents  at  2, 
10,  and  30  days  of  exposure,  followed  by  a  sharp  increase  at  60  days  to 
a  mean  almost  threefold  higher  than  the  mean  pre-exposure  value.  The 
slow-rhythm  results  for  the  10-microwatts/sq-cm  group  were  qualitatively 
similar.  Both  groups  showed  relatively  large  but  nonmonotonic  changes 
in  intermediate-rhythm  currents.  These  results  were  described  by  the 
authors  as  follows: 

"At  the  beginning  (2-14  days),  activation  of  the  biocurrents  in  the 
brain  was  observed,  testifying  to  some  increase  in  the  excitation  pro¬ 
cess.  With  increasing  duration  of  exposure  an  initial  stage  of  inhibi¬ 
tion  developed,  characterized  by  synchronization  of  the  cortical 
rhythms.  Thus,  upon  prolonged  irradiation,  the  strength  of  the  process 
of  inhibition  within  the  brain  hemisphere  cortex  was  appreciably  in¬ 
creased,  as  evidenced  by  the  appearance  of  slow  rhythms  in  the  electro¬ 
encephalograms.  The  observed  changes  in  bioelectric  activity  of  the 
brain  cortex  of  rabbits  confirmed  previously  reported  results  of  studies 
on  conditioned  reflex  activity  of  animals  and  showed  that  electromag¬ 
netic  energy  in  the  UHF  range  [50  MHz]  and  0.06-10  microwatts/sq  cm 
intensity,  as  well  as  in  the  SHF  range  [2.5  and  10  GHzJ  and  5-20 
microwatts/sq  cm  intensity,  was  indeed  active  biologically  according  to 
the  results  of  statistical  analysis." 

The  rather  sketchy  description  of  the  study  precluded  any  definitive 
evaluation  of  the  results.  Absent  in  this  paper  were  details  on  the 
exposure  arrangements  and  the  method  used  to  record  and  process  the 
EEGs.  Specifically,  not  indicated  was  whether  indwelling  electrodes  had 
been  used.  Presumably  they  were,  however,  because  such  electrodes  were 
used  in  a  later  study,  Shandala  et  al.  (1979),  discussed  below. 

Shandala  et  al .  (1979)  exposed  24  rabbits  from  above  in  the  far  field 
of  a  cylindrical  horn  to  2.375-GHz  CW  RFR  at  0.01,  0.05,  and  0.5  mW/sq 
cm  7  hr/day  for  3  months  in  a  chamber  lined  with  RFR-absorpt ion  mate¬ 
rials.  From  Durney  et  al.  (1978),  p.  92,  the  whole-body  SARs  are 


estimated  to  have  been  0.0014,  0.007,  and  0.07  W/kg  in  the  E-  and  H- 
polar izat ions .  The  animals  were  exposed  within  four  plastic  cages  on 
the  floor  of  the  chamber.  The  EEGs  were  taken  with  electrodes  implanted 
in  the  mammillary  region  of  the  posterior  hypothalamus,  the  central 
medial  nucleus  of  the  thalamus,  and  the  sensory  and  visual  zones  of  the 
neocortex,  with  the  indifferent  electrode  attached  to  the  nasal  bone. 

An  8-channel  encephalograph  was  used  to  record  the  EEGs.  At  the  start 
of  each  experiment,  baseline  data  were  obtained  with  a  "functional  load" 
consisting  of  stimulation  with  light  at  5,  8,  and  12  Hz.  The  EEGs  were 
recorded  every  10  days  during  the  3-month  exposure  period  and  every  two 
weeks  post-exposure  until  complete  recuperation.  Each  EEG  recording  was 
for  4-50  rain. 

The  authors  noted  that  the  results  showed  great  variability  and  stated 
that  the  EEGs  "did  not  proceed  identically  in  the  subcortical  and 
cortical  regions  of  the  various  animals.  Nevertheless  in  statistically 
processing  the  data  it  was  possible  to  determine  definite  regularities 
associated  with  changes  in  the  bioelectric  processes  taking  place  in  the 
studied  structures." 

Cited  as  an  example  was  a  reliable  increase  (p<0.05)  observed  in  the 
alpha-rhythm  index  in  the  sensory-motor  and  visual  cortex  after  1  month 
of  exposure  at  0.01  mW/sq  cm,  ascribed  to  suppression  of  the  slow  EEG 
components.  The  increase  in  bioelectric  activity  developed  somewhat 
later  (40  days  of  exposure)  in  the  subcortical  regions  (thalamus  and 
hypothalamus).  The  total  amplitude  of  the  biocurrent  increased  by  22. 5X 
relative  to  its  initial  value.  For  exposure  at  0.05  mW/sq  cm,  the  theta 
rhythm  in  the  subcortical  regions  registered  clearly  after  two  weeks  and 
its  amplitude  increased  (presumably  subsequently)  by  10-11  microvolts 
and  by  40  microvolts  in  some  cases. 

Regarding  the  baseline  evoked  potentials,  the  authors  indicated  that: 
"the  subcortical  structures  of  the  brain  in  the  initial  state  do  not 
master  a  given  light  flash  rhythm  as  well  as  the  sensory-motor  and 
visual  zone  of  the  cortex,"  and  that  two  weeks  of  exposure  at  0.05  mW/sq 
cm  "increased  the  capacity  of  the  neurons  to  react  adequately  to 
discontinuous  photostimulation,  since  unlike  the  control  studies,  the 
rabbits  of  this  test  group  showed  a  wider  frequency  band  to  which  the 
brain  could  readjust  its  own  electric  oscillation  frequency." 

After  3  weeks  of  exposure  at  0.05  mW/sq  cm,  the  identity  of  the  EEG 
components  was  disturbed.  "Some  rabbits  showed  a  greater  manifestation 
of  earlier  evoked  changes  in  bioelectric  activity,  others  showed  some 
restoration  of  the  initial  EEG  indices,  and  still  others  showed  a 
slowing  down  of  the  basic  rhythm  down  to  three  oscillations  per  second 
with  some  synchronization  of  processes  at  that  frequency."  After  30 
days  of  exposure,  the  majority  of  these  rabbits  showed  gradual  increases 
in  the  density  of  slow  waves  in  the  range  1-3  Hz. 

The  initial  changes  in  bioelectric  activity  in  the  0 . 05-mW/sq-cra  group 
were  noticed  after  2  weeks  of  exposure.  However,  the  changes  were  more 
intense  in  the  cortex  than  in  the  subcortical  structures.  The  cortical 


effect  was  a  disturbance  of  the  EEG  frequency  spectrum,  consisting  of  a 
verifiable  decrease  in  the  number  of  delta-range  oscillations  and  an 
increase  in  the  alpha-  and  beta-range  potentials.  In  the  sensory-motor 
and  visual  regions,  the  delta-rhythm  index  fell  by  averages  of  6. IX  and 
7.7X,  respectively,  while  the  alpha-rhythm  index  rose  by  averages  of 
9.2X  and  9.7X.  No  quantitative  changes  were  seen  in  the  theta  range. 

The  authors  stated  that  adaptation  to  the  rhythms  of  5-,  8-,  and  12-Hz 
visual  stimuli  appeared  more  pronounced  than  initially. 

For  the  group  exposed  at  0.5  mW/sq  cm,  suppression  of  bioelectric 
activity  was  manifested  as  an  increase  in  slow  delta  waves  of  high 
amplitude  in  the  cortex  after  2  weeks  of  exposure,  an  effect  that  was 
different  than  for  exposure  at  0.01  and  0.05  mW/sq  cm. 

The  questions  previously  raised  about  the  possibility  that  the 
metallic  electrodes  caused  artifacts  are  applicable  as  well  to  both 
Dumanskij  and  Shandala  (1974)  and  Shandala  et  al.  (1979). 

Baranski  and  Edelwejn  (1975)  indicated  that  personnel  exposed  to  RFR 
in  various  occupations  for  durations  of  0-1,  1-3,  3-5,  5-10,  and  more 
than  10  years  were  given  clinical  examinations.  Among  their  findings, 
the  authors  stated:  "Those  personnel  who  had  the  longest  occupational 
exposure  history  and  the  highest  exposure  levels  generally  exhibited 
flat  EEG  recordings  (Figure  3)."  Displayed  in  Fig.  3  were  the  EEGs  for 
a  person  who  had  been  "occupationally  exposed  for  5  years  to  microwaves 
while  working  in  a  repair  shop."  Except  for  fluctuations  of  about  a  few 
microvolts  (possibly  noise),  the  EEG  tracings  were  indeed  essentially 
flat,  but  reminiscent  of  those  for  a  brain-dead  individual.  It  seems 
possible  that  the  gain  of  the  amplifiers  was  set  incorrectly  for  these 
recordings.  In  general,  the  authors  stated:  "No  f  rm  conclusions  could 
be  drawn,  however,  due  to  the  complexity  of  environmental  occupational 
factors  and  the  lack  of  adequate  control  groups,"  which  led  them  to 
conduct  an  EEG  study  in  animals  under  controlled  conditions. 

They  exposed  rabbits  to  far-field  2 . 95-GHz  CW  or  pulsed  ( 1-roicrosecond 
pulses  at  1200  pps)  RFR  at  the  same  average  power  density,  either  once 
at  5-30  mW/sq  cm  (0.7-4. 2  W/kg;  Durney  et  al.,  1978,  p.92)  or  2  hr/day 
for  3-4  months  at  5  mW/sq  cm  (0.7  W/kg).  The  EEGs  in  nine  brain  regions 
were  recorded  with  leads  of  unstated  design  or  composition  on  completion 
of  exposure,  so  RFR-induced  recording  artifacts  were  absent.  However, 
the  leads  undoubtedly  were  present  during  the  exposures,  so  the  question 
about  possible  enhancement  of  the  local  fields  remains. 

Regarding  the  results,  the  authors  stated:  "The  most  salient  changes 
were  obtained  in  animals  exposed  to  pulsed  microwaves.  In  the  long¬ 
term-exposed  rabbits,  desynchronized  high-voltage  recordings  were 
obtained.  This  finding  may  be  interpreted  to  result  from  chronic 
stimulation  of  brain  stem  structures,  probably  the  reticular  formation. 
No  such  phenomena  were  noted  in  animals  subjected  to  single  exposures. 
Only  slight  differences  were  detected  at  high  exposure  levels  (about  30 
mW/sq  cm)  and  these  may  be  explained  as  thermal  effects."  Quantitative 
data  were  not  presented;  instead,  representative  sets  of  recordings  from 
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the  nine  brain  regions  were  presented  for  three  rabbits,  one  exposed  3 
hr/daily  for  a  total  of  200  hr  to  the  pulsed  RFR  at  5  mW/sq  cm,  another 
exposed  once  for  2  hr  to  the  pulsed  RFR  at  25  mW/sq  cm,  and  the  third 
exposed  once  for  2  hr  to  the  CW  RFR  at  25  mW/sq  cm. 

Bruce-Wolfe  and  Justesen  (1979)  investigated  the  effects  of  RFR- 
induced  hyperthermia  on  the  visually  evoked  electrocortical  response 
(VER)  in  five  Hartley  albino  female  guinea  pigs.  After  anesthetizing 
the  animals  with  sodium  pentobarbital  (30  mg/kg,  ip),  two  electrodes 
were  implanted  2  mm  anterior  to  the  lambdoid  junction,  one  each  at  6  mm 
to  the  left  and  right  of  the  midsagittal  suture.  The  reference  elec¬ 
trode  was  implanted  2  mm  to  the  right  of  the  midline  and  1  mm  posterior 
to  the  bregmate  junction.  Each  electrode  was  a  small,  stainless-steel 
screw  penetrating  the  calvarium  to  make  contact  with  the  dura.  Also,  a 
thermistor  was  implanted  in  contact  with  the  dura  2  mm  to  the  left  of 
the  midline  and  1  mm  posterior  to  the  bregmate  suture  for  measuring 
brain  temperature. 

After  surgery,  each  animal  was  habituated  30  min  daily  for  5  days  to 
restraint  in  a  cylindrical  Plexiglas  holder.  The  animal  was  then  placed 
in  restraint  with  its  head  about  50  cm  from  a  photic  stimulator  adjusted 
to  produce  a  0.025-ms  flash  of  light,  and  sessions  of  VER  recording  were 
conducted  until  latencies  did  not  vary  by  more  than  2.0  ms.  Baseline 
cortical  and  rectal  temperatures  (the  latter  with  a  thermistor  inserted 
4  cm  into  the  colon)  were  recorded  prior  to  each  experimental  session. 

The  animals,  presumably  under  restraint,  were  exposed  in  a  multimode, 
mode-stirred  cavity  to  2.45-GHz  RFR,  amplitude-modulated  at  60  Hz  by  the 
power  supply  and  12  Hz  by  the  mode  stirrer  (Justesen  et  al . ,  1971).  The 
SAR  was  in  the  range  30-40  W/kg  and  the  durations  ranged  from  4  to  15 
min,  with  an  average  of  8.5  rain.  At  the  end  of  exposure,  each  animal 
was  moved  quickly  to  a  nearby  shielded  chamber  for  recording  its  VERs. 
During  the  VER  elicitation  period,  a  polygraph  was  used  to  produce  a 
crude  continuous  EEG  record  and  to  provide  a  filtered  and  balanced  am¬ 
plified  signal  to  an  averaging  computer.  The  information  stored  in  the 
computer  was  used  to  produce  graphic  VERs  by  X-Y  plotter.  As  rectal  or 
cortical  temperature  fell,  the  photic  stimulator  and  the  signal-averag¬ 
ing  computer  were  triggered  manually  during  a  series  of  measures,  each 
of  which  involved  a  set  of  eight  stimulations.  Each  VER  was  initiated 
by  light  flashes  at  a  mean  rate  of  one  every  three  seconds  during  arti¬ 
fact-free  periods  determined  from  the  crude  EEG.  X-Y  plots  were  then 
made  of  summed  VERs  extending  250  ms  from  onset  of  photic  stimulation. 

Eleven  sessions  of  RFR-exposure  were  conducted.  During  sessions  1-5, 
the  VERs  of  all  five  animals  were  recorded,  and  before  and  after  each 
set  of  photic  stimulations,  cortical  temperature  was  recorded  from  three 
of  the  animals  and  rectal  temperature  from  the  other  two  animals.  The 
successive  increments  of  temperature  (cortical  or  rectal)  induced  in  the 
five  sessions  were  1.25,  2.50,  3.75,  2.50,  and  1.25  deg  C.  Thus,  with 
mean  cortical  and  rectal  baseline  temperatures  of  37.4  and  39.4  deg  C, 
respectively,  exposure  raised  these  temperatures  to  as  high  as  41  and  43 
deg  C. 
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Sessions  6-10  were  devoted  solely  to  concurrent  measurements  of 
cortical  and  rectal  temperatures  in  all  five  animals,  using  the  same 
succession  of  increments.  In  session  11,  rectal  temperatures  of  all 
five  animals  were  raised  by  an  average  of  4.75  deg  C  to  44.0  deg  C, 
after  which  the  VERs  were  recorded. 

The  primary  characteristic  of  the  VER  examined  was  the  latency  time 
from  the  onset  of  photic  stimulation  to  the  N1  peak,  "an  inverse  index 
of  conduction  velocity  of  primary  visual  fibers".  The  latencies  were 
determined  for  each  animal  for  its  cortical  or  rectal  temperatures  at 
the  times  of  VER  recording  after  exposure,  and  its  values  at  each  such 
temperature  for  sessions  1-5  were  pooled  and  plotted  vs  temperature 
(without  error  bars). 

The  plots  for  the  three  guinea  pigs  whose  cortical  temperatures  were 
measured  were  roughly  similar;  these  plots  indicated  that  N1  latency  is 
inversely  related  to  temperature.  Some  latency  displacements  among  the 
three  curves  were  seen  because  of  differences  in  baseline  values  and  in 
latencies  at  41.0  deg  C,  the  highest  temperature  at  which  the  VERs  were 
recorded.  The  authors  indicated  that  for  these  three  animals,  the  mean 
baseline  latency  (at  a  cortical  temperature  of  37.0  deg  C)  was  42.84  ms 
and  that  it  diminished  to  37.68  ms  at  40.5  deg  C,  corresponding  to  a  12X 
total  increase  in  conduction  speed  or  3.4X  mean  increase  per  incremental 
deg  C.  The  plots  for  the  two  animals  whose  rectal  temperatures  were 
measured  also  showed  latencies  inversely  related  to  temperature.  The 
mean  values  were  not  stated,  but  from  the  plots  were  about  46.6  ms  at 
38.5  deg  C  and  39.5  ms  at  43  deg  C.  The  authors  noted  that  latencies 
were  progressively  more  variable  as  the  temperature  increments  were 
increased,  but  that  overall  correlation  between  latency  and  temperature 
was  high  and  reliable  (all  p<0.001). 

Cortical  and  rectal  temperatures  obtained  in  successive  measurements 
after  raising  rectal  temperature  to  44.0  deg  C  (during  session  11)  were 
presented  in  bar  graphs  for  each  temperature  at  corresponding  times. 

The  results  indicated  that  the  two  temperature  measures  were  highly 
correlated  and  that  rectal  temperature  was  about  3  deg  C  higher  than 
cortical  temperature  shortly  after  exposure  but  decreased  slightly  more 
rapidly  than  cortical  temperature  to  yield  a  difference  of  about  2  deg 
C.  Four  of  the  five  guinea  pigs  died  between  the  second  and  third  hour 
after  cessation  of  exposure. 

In  their  discussion,  the  authors  stated:  "Interpretation  of  our  find¬ 
ings  must  be  tempered  by  the  condition  of  irradiation — electrodes  were 
in  contact  with  the  animals’  brains  during  exposure  to  microwaves--but 
we  doubt  that  the  observed  relation  between  temperature  increment  and 
reduced  latency  of  the  VER  was  either  quantitatively  or  qualitatively 
affected."  Studies  by  Hetschel  (1979)  and  Bruce-Wolfe  et  al.  (1979)  on 
endogenous  warming  of  normal  human  subjects  were  cited,  which  yielded 
approximately  the  same  VER  latencies  per  incremental  degree  as  for  the 
guinea  pigs,  but  the  citations  were  not  included  in  their  reference 
list.  They  also  stated:  "We  would  not  argue  that  local  brain  damage 
from  demodulated  currents  at  the  junction  of  electrode  and  cortex  does 


not  result  from  exposure  to  intense  microwave  radiation.  This  is  a 
possibility  we  are  exploring  both  behaviorly  and  histologically  in  the 
rat  and  guinea  pig." 

It  should  be  noted  that  relatively  few  animals  were  used  in  this 
study,  particularly  since  four  of  the  five  died  under  the  severe 
hyperthermia  (44  deg  C) .  Moreover,  in  addition  to  the  qualifying 
statements  above  by  the  authors,  the  relevance  of  the  results  to 
possible  effects  of  RFR  on  the  VERs  of  humans  is  open  to  question. 

Takashima  et  al.  (1979)  studied  the  effects  of  amplitude-modulated 
electric  fields  on  the  EEGs  of  rabbits.  Male  rabbits  were  exposed  to 
frequencies  in  the  range  1-30  MHz  between  two  30x30-cm  square  aluminum 
plates  spaced  20  cm  apart  at  fields  in  the  range  0.5-1  kV/m.  A  circuit 
for  impedance  matching  was  used  between  the  plates  and  the  source  to 
minimize  reflected  powers.  As  noted  below,  EEGs  were  recorded  before, 
after,  and  in  some  experiments,  during  exposure,  with  stainless-steel 
electrodes  chronically  implanted  along  the  midline  in  the  central  and 
posterior  regions  of  the  brain-,  scalp  electrodes  were  used  in  other 
experiments . 

EEG  signals  were  fed  to  a  preamplifier  having  a  pass  band  of  3-100  Hz 
and  a  60-Hz  notch  filter.  In  initial  experiments,  the  authors  found  it 
difficult  to  interpret  unprocessed  time-domain  signals.  Consequently, 
such  signals  were  sampled  at  5-ms  intervals  (1024  points),  digitized, 
converted  to  frequency-domain  complex  spectra  by  the  f ast-Fourier- 
transform  (FFT)  technique,  and  thence  to  power  spectra.  Smoothing  of 
the  power  spectra  was  required  in  order  to  resolve  discrete  frequency 
components.  Hann's  function  was  applied  to  autocorrelograras ,  the 
autocorrelograms  were  Fourier-transformed  to  obtain  the  smoothed  power 
spectra,  and  sequential  displays  of  smoothed  power  spectra  (usually  17 
spectra  at  3-min  intervals)  were  examined  for  time-invariant  features. 

Typical  pre-exposure  power-spectra  sequences  from  anesthetized  rabbits 
(sodium  pentobarbital,  30  rag/kg  ip)  showed  frequency  components  between 
5  and  15  Hz  that  varied  during  each  sequence,  indicating  the  absence  of 
a  dominant  component.  The  authors  denoted  such  EEGs  as  "normal". 

To  determine  the  effects  of  short-term  exposure,  anesthetized  animals 
were  exposed  once  (acute  exposure)  to  fields  modulated  at  60  Hz.  In  one 
set  of  such  experiments  (5  animals),  stainless-steel  electrodes  had  been 
implanted  in  the  brain  and  were  allowed  to  remain  in  the  cranial  cavity 
during  exposure.  The  sequential  set  of  power  spectra  obtained  following 
exposure  showed  a  clustering  of  amplitude  peaks  in  the  range  2-5  Hz  that 
persisted  over  the  postexposure  recording  period  (40-60  min).  Reduction 
of  high-frequency  components  was  also  noted.  Similar  patterns  were  seen 
with  the  modulation  absent  (CW),  but  to  a  lesser  extent. 

In  a  second  set  of  such  experiments  (2  animals),  the  EEG  electrodes 
were  removed  prior  to  exposure  and  reinserted  after  exposure.  (Not 
clear  was  whether  surgery  was  involved  in  removal  and  reinsertion  and  if 
so,  the  effects  thereof.)  The  resulting  power  spectra  were  said  to  re- 


semble  normal  EEGs  as  defined  above;  no  clustering  of  spectral  compo¬ 
nents  was  seen.  Therefore,  the  EEG  alterations  in  the  first  set  of 
acute-exposure  experiments  were  attributed  by  the  authors  to  the  local 
field  created  by  the  presence  of  metal  electrodes  in  the  cranial  cavity. 

To  investigate  the  effects  of  chronic  exposure,  4  unanesthetized  ani¬ 
mals  were  exposed  2  hr/day  to  1.2-MHz  fields  modulated  at  15  Hz  for  6 
weeks.  EEGs  were  recorded  using  silver  electrodes  placed  directly  on 
the  skull  before  and  after  periods  of  exposure.  The  EEGs  were  monitored 
every  2  weeks.  A  sequential  display  of  power  spectra  taken  after  4 
weeks  of  exposure  showed  ordering  of  low-frequency  spectral  peaks  and 
reduction  of  high-frequency  components  similar  to  the  acute-exposure 
data  taken  with  intracranial  electrodes.  The  abnormal  patterns  began  to 
appear  after  2-3  weeks  of  exposure.  The  authors  constructed  histograms 
from  power-spectrum  sequences  derived  from  4-week  exposures  and  normal 
EEGs.  The  histogram  for  the  exposed  animals  showed  major  peaks  at  2  and 
10  Hz,  whereas  the  major  peaks  for  the  normal  EEGs  were  at  4.5,  8,  and 
11.5  Hz. 

In  the  chronic-exposure  experiments,  although  the  electrodes  were  not 
present  during  exposure,  the  description  of  electrode  placement  before 
and  after  exposure  is  confusing.  In  the  text,  attachment  to  the  "skull" 
was  described,  whereas  in  Table  1  of  the  paper,  "scalp"  was  used  to 
describe  the  electrode  arrangement.  Again,  not  clear  is  whether  surgery 
was  involved. 

Assuming  that  the  rabbit  head  (without  intracranial  metal  electrodes) 
could  be  modeled  as  a  homogeneous  conducting  sphere  immersed  in  a  10-MHz 
field  of  500  V/m,  the  authors  calculated  that  the  current  density  within 
the  head  was  0.082  mA/sq  cm.  Consequently,  they  regarded  the  positive 
results  as  a  nonthermal  effect.  However,  adequate  dosimetry  data  were 
not  presented,  particularly  measurements  or  estimates  of  SARs  in  the 
head,  so  it  is  questionable  to  characterize  any  of  the  positive  findings 
as  thermal  or  nonthermal.  Also  not  clear  is  why  60  Hz  was  used  as  the 
modulation  frequency  in  the  acute-exposure  experiments,  since  the  EEG 
signals  were  passed  through  a  60-Hz  notch  filter. 

Although  the  authors  claimed  enhancement  of  low-frequency  components 
and  increase  in  high-frequency  activity  after  3  weeks,  the  data 
presented  do  not  support  this  conclusion,  and  the  authors  themselves 
stated  that  the  results  presented  were  incomplete.  However,  they  did 
note  that  for  acute  exposure,  "enhanced  slow  waves  and  unusually  low 
high-frequency  activities  were  due  to  the  local  field  created  by  the 
presence  of  the  metal  electrodes  in  the  cranial  cavity." 

In  this  study,  the  rabbits  were  used  as  their  own  control  group,  in 
that  data  obtained  during  and  after  exposure  were  compared  with  "normal" 
(preexposure)  data  from  the  same  group.  The  absence  of  a  similarly 
treated  but  sham-exposed  group,  however,  makes  it  difficult  to  assess 
whether  the  reported  EEG  changes  were  the  result  of  exposure  per  se,  or 
perhaps  of  adaptation  to  the  repetitive  aspects  of  the  experimental 
procedures,  such  as  handling  and  recording. 


When  power  spectra  for  EEGs  taken  at  short  time  intervals  (3  rain)  in  a 
sequence  are  highly  variable  relative  to  one  another,  it  is  difficult  to 
quantitatively  assess  differences  among  sequences.  Autoregressive 
spectral  estimation  techniques  may  be  more  appropriate  for  analysis  of 
EEG  data  than  FFT  techniques,  since  interval  definition  is  problematic 
for  nonstationary  data.  Qualitatively,  nevertheless,  their  chronic- 
exposure  results  appear  to  show  enhancement  of  low-frequency  power- 
spectral  components  and  reduction  of  high-frequency  activities.  On  the 
other  hand,  comparison  of  data  from  the  anesthetized  animals  used  in  the 
acute  experiments  with  data  from  the  unanesthetized  animals  used  in  the 
chronic  experiments  lacks  analysis  of  the  effects  of  anesthesia  as  a 
possible  confounding  factor.  Also,  it  is  not  clear  why  they  presented 
the  data  taken  after  4  weeks,  and  not  after  2  and  6  weeks,  of  exposure. 

Chou  and  Guy  (1979a)  investigated  two  types  of  nonperturbing  elec¬ 
trodes  for  recording  EEGs  during  chronic  exposure  to  RFR.  One  type  con¬ 
sisted  of  a  fine  carbon-loaded-Tef Ion  wire  (4  S/m  conductivity)  used  as 
a  conductive  lead  and  as  a  subcortical  electrode;  the  electrode  end  of 
the  wire  was  passed  through  and  fastened  with  epoxy  to  a  glass  pipette 
2.5  cm  long  for  support,  emerging  from  the  pipette  for  a  distance  of  0.5 
mm  to  serve  as  the  electrode  proper.  The  other  type,  used  as  a  cortical 
electrode,  consisted  of  a  screw  (2-56  or  4-40)  4.5  mm  long  machined  from 
carbon-loaded  Teflon  (1  S/m  conductivity),  with  a  carbon-loaded-Tef Ion 
lead  squeezed  tightly  onto  the  screw  by  a  nylon  nut,  using  conductive 
glue  to  ensure  good  electrical  contact.  The  other  end  of  the  lead  from 
either  type  was  attached  with  conductive  glue  to  a  metal  pin,  the  latter 
to  permit  quick  connection  to  a  head  plug.  The  authors  noted  that  the 
glass-pipette  carbon-loaded-Tef Ion  configuration  is  the  same  as  that  in 
the  Vitek  101  non-perturbing  temperature  probe  (Bowman,  1976). 

For  electrode  implantation,  rabbits  were  anesthetized  with  sodium 
pentobarbital  (30  rag/kg  iv),  a  small  hole  was  drilled  in  the  calvarium 
and  threaded.  One  carbon-loaded-Tef Ion  screw  (2-56)  was  placed  near  the 
sensory-motor  cortex  (3  mm  anterior  to  the  horizontal  line  and  3  mm  to 
the  right  of  the  center  line);  another  carbon-loaded-Tef Ion  screw  (2-56 
or  4-40)  was  placed  in  the  area  of  the  nasal  bone  as  the  reference 
electrode.  The  subcortical  carbon-loaded-Tef Ion  electrode  was  implanted 
so  that  its  tip  entered  the  ventro-medial  hypothalamus.  All  the  metal 
pins  at  the  other  ends  of  the  leads  were  connected  to  a  Winchester  plug. 

Both  stainless-steel  and  carbon-loaded-Tef Ion  electrodes  were 
implanted  in  one  rabbit,  car Don-loaded-Tef Ion  electrodes  only  were 
implanted  in  three  rabbits,  and  stainless-steel  electrodes  only  were 
implanted  in  two  rabbits.  For  the  rabbits  with  metal  electrodes,  one 
set  of  Vitalic  screws  (3  mm)  and  monopolar  electrodes  were  placed  in  the 
same  or  contralateral  locations.  The  rabbits  were  restrained  in  a 
wooden  box  and  placed  within  a  dark,  sound-attenuated  room.  The  head 
plug  was  connected  by  flexible  cable  to  a  differential  amplifier  with 
frequency  response  from  0.6  to  60  Hz.  A  60-Hz  notch  filter  was  used  in 
several  cases  as  discussed  below.  The  EEG  signals  were  recorded  on 
graph  paper  directly  from  the  amplifier  and  also  fed  to  a  spectrum 
analyzer  for  processing,  amplification,  and  recording.  The  total 
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sampling  period  was  only  20  seconds  due  to  equipment  limitations. 

Presented  were  cortical  EEGs  and  the  resulting  spectra  recorded 
without  and  with  the  60-Hz  filter  for  two  rabbits  five  months  after 
metal  and  carbon-loaded-Tef Ion  electrodes  were  implanted.  These 
recordings  were  made  prior  to  exposing  the  rabbits  to  RFR.  The  authors 
stated:  "Due  to  the  high  resistance  of  the  carbon-loaded  Teflon,  it  was 
impossible  to  record  the  EEG  via  these  electrodes  without  the  60-Hz 
filter.  The  EEGs  and  spectra  of  both  types  of  electrodes  were  similar 
when  the  60-Hz  filter  was  in  operat ion. . .The  60-Hz  noise  interfered  with 
the  main  frequency  components  of  the  EEG.  The  amount  of  interference 
was  correlated  with  the  resistance  of  the  electrode." 

The  authors  also  indicated  that  for  the  EEGs  recorded  via  the  metal 
electrodes,  the  60-Hz  filtering  of  the  spectra  had  no  effect  on  major 
frequency  components.  In  particular,  a  slight  high-frequency  noise  was 
seen  in  both  the  EEG  and  its  spectrum  when  no  filter  was  used.  When  a 
variable  resistance  was  added  in  series  with  the  metal  electrode,  more 
noise  appeared  in  the  EEG  that  distorted  the  spectrum,  and  recording  was 
impossible  with  90  kilohms.  The  spectrum  was  depressed  when  no  filter 
was  used,  but  showed  no  effect  when  the  filter  was  turned  on,  a  result 
similar  to  that  with  the  carbon-loaded-Tef Ion  electrode.  These  results 
showed  that  "with  proper  recording  conditions,  a  carbon-loaded-Tef Ion 
electrode  with  resistance  less  than  90  kilohms  can  be  used  for  EEG 
recordings  if  a  60-Hz  filter  is  used." 

The  subcortical  EEGs  and  spectra,  shown  for  rabbits  implanted  with 
metal  and  carbon-loaded-Tef Ion  electrodes  but  only  with  the  60-Hz  filter 
in  operation,  were  highly  similar.  The  authors  also  noted  that  the  EEG 
amplitude  and  pattern  remained  similar  for  periods  up  to  six  months. 

Exhibited  (in  Fig.  5)  for  a  rabbit  implanted  with  carbon-loaded-Tef Ion 
electrodes  were  subcortical  EEGs  and  spectra  before  and  during  exposure 
of  its  head  to  2.45-GHz  RFR.  RFR  from  a  diathermy  machine  was  directed 
to  the  right  eye  at  a  power  density  of  100  mW/sq  cm.  The  corresponding 
SAR  in  the  hypothalamus  was  about  25  W/kg.  The  authors  stated:  "There 
was  no  obvious  RF  interference  picked  up  by  the  carbon- loaded-Tef Ion 
electrode.  Within  the  short  recording  time,  no  obvious  difference  can 
be  seen  in  this  figure." 

Four  to  six  months  after  electrode  implantation,  the  rabbits  were 
perfused,  the  brain  regions  near  the  cortical  electrodes  were  examined 
visually,  and  the  brain  regions  near  the  subcortical  electrode  track 
were  sliced  (50-micron  sections),  stained  with  cresyl  violet,  and 
examined  with  a  light  microscope.  For  electrodes  longer  than  skull 
thickness,  a  small  indentation  always  occurred  at  the  cortex.  However, 
no  infection  or  hemorrhage  was  evident  in  the  dura  or  the  cortex.  The 
cells  around  the  tip  of  the  subcortical-electrode  track  did  not  differ 
from  the  cells  at  other  locations.  Other  than  the  electrode  track, 
there  was  no  observable  tissue  damage.  The  authors  noted  that  they  did 
not  investigate  the  stainless-steel  electrodes  for  tissue  compatibility, 
but  that  such  electrodes  are  conventionally  used  in  electrophysiological 


306 


experiments  for  chronic  recordings  and  would  be  expected  to  have  good 
tissue  compatibility. 

Their  general  conclusion  was:  "It  has  been  shown  that  electrodes  made 
of  carbon-loaded  Teflon  with  conductivity  close  to  that  of  high-water- 
content  tissue  are  useful  for  chronic  EEG  recording  in  animals  exposed 
to  microwave  radiation.  With  a  60-Hz  filter,  the  EEG  recorded  from 
carbon-loaded  Teflon  electrodes  is  indistinguishable  from  that  recorded 
from  metal  electrodes." 

Chou  et  al.  (1982)  implanted  carbon-loaded  Teflon  electrodes  in  the 
sensory-motor,  occipital,  and  nasal  areas  of  18  young  adult  New  Zealand 
rabbits  (9  males,  9  females),  with  the  electrodes  in  contact  with  the 
dura.  The  rabbits  were  divided  into  three  equal  groups.  Those  of  one 
group  were  exposed  individually  from  above  to  2.45-GHz  far-field  CW  RFR 
at  1.5  raW/sq  cm  2  hr/day  between  0830  and  2030,  5  days/week,  for  90  days 
within  a  miniature  anechoic  chamber  (Guy,  1979).  For  exposure,  each 
rabbit  was  placed  in  a  Plexiglas  cage  with  its  long  body  axis  parallel 
to  the  electric  vector.  The  second  group  was  exposed  to  2.45-GHz  pulsed 
RFR  (10-microsecond  pulses  at  100  pps)  at  1.5  mW/sq  cm  average  power 
density  in  a  similar  chamber  for  the  same  periods.  By  thermographic 
measurements  in  the  sagittal  plane  of  a  euthanized  rabbit,  there  were 
two  "hot  spots,"  one  in  the  sinus  area  and  the  other  on  the  back.  The 
peak  SARs  in  these  regions  were  respectively  2.1  and  1.6  W/kg  at  1.5 
mW/sq  cm.  The  third  group  was  sham-exposed  in  still  another  chamber  of 
the  same  kind  for  the  same  durations. 

Body  weights  were  measured  every  other  day  and  were  found  to  increase 
almost  linearly  during  the  3-month  treatment  period,  at  which  time  the 
weights  were  reaching  a  plateau.  By  least-squares  linear  regression  and 
analysis  of  variance,  there  were  no  significant  differences  among  the 
three  groups.  The  results  of  hematological,  chemical,  and  morphological 
tests  of  blood  samples  taken  monthly  were  tabulated.  These  shoved  no 
significant  differences  among  groups.  Eyes  were  examined  with  a  slit 
lamp  before  and  after  the  3-raonth  treatment.  No  cataracts  developed  in 
any  of  the  18  rabbits. 

EEGs  and  evoked  potentials  were  recorded  via  the  implanted  electrodes 
every  Friday  after  the  2-hr  treatment.  The  animals  were  restrained  in 
wooden  boxes  with  their  heads  protruding  to  permit  connection  of  the 
electrodes  to  the  recording  equipment.  For  each  recording  session, 
three  rabbits  were  enclosed  in  a  light-proof  and  sound-proof  chamber, 
with  the  animals  visually  separated  from  one  another.  A  strobe  light 
and  a  loudspeaker  within  the  chamber  were  used  for  inducing  VERs  and 
AERs.  The  recording  leads  were  connected  to  differential  amplifiers 
each  having  a  frequency  response  of  0.6-60  Hz,  and  a  line  filter  was 
used  to  eliminate  60-Hz  noise  pickup  by  the  high-resistance  electrodes. 
The  outputs  of  the  amplifiers  were  fed  to  an  8-channel  FM  magnetic  tape 
recorder  and  monitored  on  a  6-channel  oscilloscope. 

After  5-10  rain  of  adaptation,  the  EEGs  from  the  sensory-motor  and 
occipital  areas  of  each  animal  were  recorded  for  20  min.  Then,  VERs 
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stimulated  at  1  flash  per  second  were  recorded  from  the  occipital  cortex 
for  5  min.  In  the  final  5  min  of  testing,  AERs  stimulated  by  70-dB  0.1- 
ms  clicks  at  1  click  per  second  were  recorded  from  the  sensory-motor 
cortex.  The  EEG  data  were  analyzed  off-line  for  frequency  spectrum  and 
averaged  amplitudes  with  a  computer,  and  the  ERs  were  reduced  on  a 
computer  of  average  transients.  VERs  and  AERs  for  one  rabbit  of  each 
group  were  displayed. 

The  authors  indicated  that  the  frequency  spectrum  varied  considerably 
from  rabbit  to  rabbit  and  from  one  recording  session  to  another  for  each 
rabbit,  rendering  it  impossible  to  compare  each  individual  frequency. 
Instead,  the  power  spectra  were  integrated.  The  weekly  integrated 
power-spectrum  means  and  SDs  from  each  cortical  area  for  each  group  were 
tabulated  for  the  3  months.  The  authors  noted  that  despite  the  large 
differences  among  the  means  and  the  large  SDs,  there  was  a  trend  toward 
decreased  amplitude  during  the  later  part  of  the  experiment,  a  trend 
ascribed  to  acclimatization  of  the  animals.  However,  statistical  tests 
revealed  no  significant  differences  among  the  three  groups. 

Also  tabulated  were  the  weekly  means  and  SDs  of  the  amplitudes  taken 
over  a  1-s  period  of  each  20-min  recording  session.  Great  variability 
also  made  comparisons  difficult,  but  again  no  statistically  significant 
differences  among  the  groups  could  be  discerned.  Regarding  the  VERs  and 
AERs,  the  authors  indicated  that  the  waveforms  varied  from  animal  to 
animal  and  with  time,  with  no  consistent  amplitude  or  latency  useful  for 
comparison,  and  noted  that  the  large  variability  of  the  VERs  appeared  to 
be  contrary  to  the  findings  of  Baranski  and  Edelwejn  (1975). 

At  the  end  of  the  study,  apomorphine  in  doses  of  1,  2,  or  4  mg/kg  was 
injected  into  the  animals  to  determine  differences  in  induced  behavioral 
excitation  and  hyperthermia.  However,  5  rabbits  (one  each  in  the  CW  and 
sham  groups  and  three  in  the  pulsed  group)  died  during  the  experiment, 
so  no  results  were  presented.  Finally,  the  13  rabbits  that  survived  the 
drug  study  were  euthanized,  and  the  lungs,  heart,  vessels,  stomach, 
small  and  large  intestines,  pancreas,  liver,  gall  bladder,  adrenal 
gland,  kidneys,  bladder,  testes  or  ovaries,  bone  marrow,  spleen,  and 
brain  were  examined  microscopically  for  pathology. 

Regarding  the  necropsies,  the  authors  presented  the  following  findings 
and  stated:  "To  summarize,  for  the  small  number  of  animals  (N-13),  the 
histopathological  study  did  not  show  any  consistent,  significant 
differences  in  tissue  damage."  One  rabbit  exposed  to  the  CW  RFR  showed 
linear  focus  of  necrosis  with  moderate  mononuclear  infiltration  in  the 
zona  fasciculata  of  the  adrenal  cortex.  Three  of  the  rabbits  exposed  to 
CW  and  two  sham-exposed  rabbits  had  dilated  collecting  tubules  in  the 
renal  cortex  of  the  kidney.  One  other  sham-exposed  rabbit  had  foci  of 
chronic  interstitial  nephritis.  One  each  of  the  CW  and  sham  groups  had 
moderate  amounts  of  glycogen  deposits  in  hepatocytes.  One  CW  rabbit 
showed  hepatic  coccidiosis  with  biliary  hyperplasia  and  ectasia  in  the 
liver.  A  single  subcapsular  focus  of  hepatic  coagulation  necrosis 
occurred  in  one  rabbit  of  the  sham  group.  The  most  common  lesion  was 
mild  periportal  fibrosis,  which  occurred  in  one  rabbit  exposed  to  the  CW 


RFP.  and  two  rabbits  each  of  the  sham  and  pulsed  groups. 

In  the  lung,  there  was  peribronchiolar  lymphoid  proliferation  in  four 
rabbits  of  the  CW  group,  one  rabbit  of  the  pulsed  group,  and  three  rab¬ 
bits  of  the  sham  group;  subacute  suppurative  bronchopneumonia  in  one  of 
the  rabbits  of  the  sham  group;  and  mild  suppurative  bronchitis  in  one  of 
the  rabbits  of  the  pulsed  group.  Macrophages  in  the  sacculus  robundus 
of  cecum  were  seen  in  two  rabbits  each  of  the  CW  and  pulsed  groups  and 
in  five  rabbits  of  the  sham  group.  One  rabbit  each  of  the  pulsed  and 
sham  groups  had  myofibrillar  degeneration  of  the  heart.  All  other  tis¬ 
sues  investigated  appeared  normal.  The  authors  noted  that  the  peri¬ 
bronchiolar  lymphoid  proliferation  and  several  other  minor  abnormalities 
in  sham-exposed  rabbits  were  common  lesions  in  older  animals  housed  in  a 
conventional  nonpathogen-free  environment.  They  concluded  that,  "for 
the  small  number  of  animals  (N«13),  the  histopathological  study  did  not 
show  any  consistent,  significant  differences  in  tissue  damage." 

Kaplan  et  al .  (1982)  performed  a  study  primarily  of  possible  effects 
on  infant  behavior  of  perinatal  exposure  of  the  squirrel  monkey  to  2.45- 
GHz  RFR  (see  Section  3. 7. 1.2),  but  also  recorded  EEGs  and  VERs .  From 
the  beginning  of  the  second  trimester  of  pregnancy,  squirrel  monkeys 
were  exposed  to  2.45-GHz  pulsed  RFR  in  12  multimode,  mode-stirred  cavity 
modules.  Within  each  module,  an  opaquely  partitioned  dielectric  cage 
housed  two  adult  monkeys.  Groups  of  10,  12,  and  11  pregnant  females 
were  exposed  at  respective  whole-body  mean  SARs  of  3.4,  0.34,  and  0.034 
W/kg  (plane-wave  equivalents  of  10,  1,  and  0.1  mW/sq  cm)  for  3  hr/day,  5 
days/week  until  parturition.  Eight  pregnant  monkeys  were  similarly 
sham-exposed  in  the  same  modules.  Eighteen  RFR-exposed  mothers  were 
exposed  with  their  offspring  for  6  months  after  parturition,  and  then 
the  offspring  were  exposed  alone  for  another  6  months  after  weaning. 

Baseline  EEGs  and  VERs  were  obtained  from  mothers  and  infants  of  all 
groups  at  the  time  of  weaning  (when  the  infants  were  6  months  old),  and 
at  9  and  12  months  of  age  from  infants  that  had  been  perinatally  sham- 
exposed  or  exposed  to  RFR  at  the  three  levels.  At  stimulus  frequencies 
of  6,  10,  and  16  flashes  per  second,  blocks  of  20  trials  each  were 
presented  to  each  subject  in  a  single  session.  Each  trial  consisted  of 
4  seconds  of  baseline  EEG  recording  followed  by  4  seconds  of  visual 
stimulation.  The  interstiraulus  interval  was  20-30  seconds  and  the  order 
of  presentation  of  the  three  frequencies  was  counterbalanced  across 
subjects  for  the  separate  recording  sessions. 

No  chronically  attached  or  indwelling  electrodes  were  used  during 
exposure.  Instead,  one  or  two  days  before  testing,  the  heads  of  the 
monkeys  were  shaved  and  cleaned  with  a  depilatory.  At  testing  time, 
each  monkey  was  sedated  lightly  with  sodium  pentobarbital  (10-15  mg/kg 
intramuscularly)  to  reduce  movement,  and  adhesive  collars  were  used  to 
attach  biominiature  Ag-AgCl  electrodes  at  the  occipital  and  frontal 
regions  of  the  scalp.  The  frontal  site  was  used  as  a  reference  and  an 
electrode  attached  at  the  vertex  was  grounded. 

The  analog  occipital  records  were  digitized  and  subjected  to  spectral 
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analysis  on  a  computer.  After  spectral  analysis,  the  20  trials  for  each 
of  the  three  flicker  frequencies  were  averaged  together,  and  a  special 
program  was  used  to  compute  nine  spectral  parameters  for  each  of  the  EEG 
frequency  bands  selected.  Six  bands  were  evaluated:  the  three  3-Hz-wide 
bands  encompassing  the  flicker  frequencies  (5-7,  9-11,  and  15-17  Hz)  and 
bands  for  delta  activity  (0.5-4  Hz),  alpha  activity  (8-13  Hz),  and  beta 
activity  (15-23  Hz).  To  determine  the  extent  of  photic  driving  at  each 
flicker  rate,  the  f 1 icker-to-basel ine-EEG  ratios  were  calculated. 

No  data  were  presented,  but  the  authors  indicated  that  statistical 
analyses  of  the  data  for  the  seven  groups  of  mothers  revealed  no 
differences  on  any  of  the  obtained  measures  (Kruskal-Wall is  analysis  of 
variance  by  ranks).  Moreover,  no  differences  were  found  after  combining 
mothers  from  the  three  exposure  levels  into  two  groups  consisting  of 
those  treated  during  gestation  only  and  those  treated  during  gestation 
plus  6  months  after  parturition.  Also,  no  d if f erences .were  seen  between 
groups  of  infants  treated  prenatally  only  and  treated  prenatally  plus 
postnatally  irrespective  of  treatment  level.  The  authors  noted  that,  as 
would  be  expected,  all  groups  of  infants  (including  those  sham-exposed ) 
had  consistently  larger  values  of  slow-wave  activity  than  the  adults  at 
each  of  the  ages  tested.  A  comparison  of  delta-to-beta ,  delta-to-alpha, 
and  alpha-to-beta  ratios  between  mothers  and  infants  at  each  age  tested 
showed  that  infants  had  a  relatively  greater  amount  of  delta  activity 
(p <0. 01 ,  t-tests) . 

In  summary,  the  use  of  indwelling  metallic  electrodes,  wires,  or 
screws  in  studies  of  the  effects  of  RFR  on  the  EEG  and/or  ERs  may  be 
questioned  as  a  procedure  likely  to  induce  artifactual  effects  in  the 
preparations  under  study,  as  well  as  in  the  recordings  themselves. 
Moreover,  the  influence  on  the  findings  of  anesthesia,  used  in  many 
experiments,  could  not  be  assessed.  In  more  recent  studies,  occurrence 
of  artifacts  was  minimized  by  use  of  electrodes  and  leads  appropriately 
designed  from  materials  having  high  resistivities  comparable  to  those 
for  tissue.  When  such  electrodes  were  implanted  prior  to  exposure  and 
were  present  during  exposure,  or  when  conventional  metallic  (or  high- 
resistivity)  electrodes  were  used  after  exposure,  no  statistically 
significant  differences  in  EEGs  or  evoked  responses  between  control  and 
RFR-exposed  animals  were  obtained.  An  important  finding  of  Guy  and 
coworkers  was  that  for  rabbits,  so  often  used  in  such  studies,  the  EEGs 
and  ERs  can  vary  widely  among  control  animals  not  under  anesthesia  and 
with  time  for  each  animal  (and  likewise  for  animals  exposed  to  RFR).  As 
previously  noted,  large  variations  in  the  rabbit  EEG  were  observed  by 
Goldstein  and  Cisko  (1974)  also. 
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3.4.4  CALCIUM  EFFLUX 


Adey,  Bawin,  and  their  colleagues  have  reported  extensively  on  studies 
of  changes  in  calcium  efflux  from  preparations  of  neonate  chick  brain 
and  cat  cortex  due  to  exposure  of  such  preparations  to  very  specific 
frequencies  and  intensities  of  unmodulated  sub-ELF  fields  or  to  specific 
levels  of  VHF  and  UHF  RFR  amplitude-modulated  at  very  specific  sub-ELF 
frequencies,  using  the  radioactive-calcium  ion  Ca-45++  as  the  tracer. 
Confirmation  of  the  basic  phenomenon  was  obtained  by  some  investigators, 
and  others  reported  negative  or  contradictory  results.  Representative 
papers  selected  from  the  literature  on  the  subject  are  discussed  below. 

Bawin  et  al.  (1975),  in  an  early  paper  on  calcium  efflux,  described 
the  experimental  protocol  for  chick  brains  in  detail.  Five  hundred 
neonatal  chicks  in  the  age  range  2-7  days  were  used.  After  decapitating 
each  chick,  its  forebrain  was  quickly  excised  and  each  cerebral  hemi¬ 
sphere  was  incubated  for  30  min  in  1.0  ml  of  physiologic  medium  and  0.2 
ml  of  saline  containing  0.2  microcurie  of  Ca-45++,  within  a  polyallomer 
test  tube.  Following  incubation,  the  samples  were  washed  three  times  in 
nonradioactive  solution.  They  were  then  immersed  in  1  ml  of  physiologic 
medium  for  20  min,  during  which  one  hemisphere  of  each  chick  was  exposed 
to  RFR  with  the  other  hemisphere  as  its  control. 

The  exposures  were  to  a  147-MHz  field  between  two  4100-sq-cm 
triangular  aluminum  plates  within  an  environmental  chamber  adapted  for 
use  of  VHF  fields  and  maintained  at  37  deg  C  and  35X  relative  humidity. 
The  field  was  modulated  at  0.5,  3,  6,  9,  16,  20,  25,  or  35  Hz  at  depths 
between  80X  and  90X  or  was  unmodulated.  The  RF  from  the  source  was 
applied  to  the  narrow  apices  of  the  plates  via  an  antenna  coupler.  The 
power  was  monitored  with  two  in-line  wattmeters  and  an  RF  ammeter  and 
was  adjusted  to  yield  intensities  in  the  range  1-2  mW/sq  cm. 

Sets  of  10  brains  (10  each  exposed  and  control  hemispheres)  were 
treated  concurrently  for  each  field  condition  and  control.  Each  field 
condition  was  tested  at  least  three  times,  to  provide  large  enough  popu¬ 
lations  for  statistical  analysis.  In  each  experiment,  four  series  of  10 
samples  each  were  treated,  i.e.,  one  series  each  was  exposed  to  fields 
modulated  at  three  different  modulation  frequencies  and  one  series  of 
unexposed  samples  served  as  controls.  On  treatment  completion,  a  0.2-ml 
aliquot  of  each  bathing  solution  diluted  in  11  ml  of  Packard  "Instagel" 
was  assayed  for  radioactivity  by  liquid  scintillation  counting.  Regard¬ 
ing  treatment  of  the  data,  the  authors  stated:  "The  radioactivities 
(cpm)  of  all  samples  were  related  to  the  mean  value  of  the  counts 
obtained  with  the  10  control  samples,  taken  as  100.  All  normalized  data 
within  each  condition  were  then  statistically  compared  with  matched 
samples  of  control  values."  (No  unnormalized  data  were  presented.) 

The  results  for  the  unmodulated  field  and  each  modulation  frequency 
were  plotted  as  bar  graphs  of  mean  percentage  increases  (with  SEs)  of 
Ca-45++  concentration  (effluxes)  relative  to  the  mean  value  in  the  ab¬ 
sence  of  the  field.  The  unmodulated  field  and  those  modulated  at  0.5, 

3,  6,  9,  and  16  Hz  yielded  progressively  larger  increases  in  the  per- 
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centage  of  calcium  efflux,  with  a  maximum  of  about  19?  (to  119X  of  con¬ 
trol)  for  16  Hz.  The  results  for  0  (unmodulated),  0.5,  and  3  Hz  were 
statistically  not  significant  (p>0.05);  those  for  6  and  9  Hz  were  signi¬ 
ficant  at  the  5%  level,  and  those  for  11  and  16  Hz  were  significant  at 
the  IX  level.  Above  16  Hz,  calcium  efflux  percentage  declined  progres¬ 
sively  with  increasing  modulation  frequency,  with  the  mean  efflux  signi¬ 
ficant  (p<0.05)  for  20  Hz  and  not  significant  (p>0.05)  for  25  or  35  Hz. 

Forty  other  chick  brains  were  used  to  compare  the  effects  of  exposure 
on  calcium  efflux  from  brains  in  physiologic  medium  with  those  in  brains 
poisoned  by  incubation  with  0.0001-M  sodium  cyanide.  Four  sets,  each 
consisting  of  five  poisoned  samples  and  five  normal  samples,  were 
assayed,  with  the  samples  of  each  set  treated  simultaneously:  One  set 
each  was  tested  for  the  effects  of  exposure  to  fields  modulated  at  0 
(unmodulated),  0.5,  and  16  Hz  and  one  set  was  tested  without  exposure. 
The  results  are  shown  in  Table  36,  adapted  from  Table  1  of  the  paper. 

TABLE  36:  PERCENTAGE  CALCIUM  EFFLUX  FROM  NORMAL  AND  POISONED  BRAINS 

Exposure  X  Efflux  +/-  SE  (N)  %  Efflux  +/-  SE  (N) 

Condition  Normal  Brain  Poisoned  Brain 

Control  100.0  +/-  4.0  (15)  96.7  +/-  3.6  (15) 

Unmod.  103.7  +/-  6.0  (10)  102.3  +/-  5.3  (10) 

0.5-Hz  Mod.  100.5  +/-  4.6  (10)  98.7  +/-  5.0  (10) 

16-Hz  Mod.  114.2  +/-  6.4  (10)*  118.9  +/-  7.7  (10)* 


*p<0 .05 


As  seen  above,  the  difference  in  mean  percentages  of  calcium  efflux 
between  poisoned  and  normal  brains  for  each  exposure  condition  was  not 
significant.  The  authors  stated:  "The  field  effects  observed  previously 
were  not  altered  by  the  cyanide  treatment,  which  strongly  suggests  that 
the  Ca-45++  effluxes  from  the  cerebral  tissues  are  independent  of  any 
ongoing  metabolism." 


The  authors  did  not  s 
their  statements  regard 
whether  the  paired  t-te 
hemisphere  and  its  cont 
be  an  appropriate  stati 
normal  brains  (114. 2X), 
interesting  that  by  unp 
the  1-tailed  criterion 
significance  under  the 
was  smaller  than  the  11 
presumably  was  not  sign 


tate  what  type  of  statistical  analysis  they  used; 
ing  data  treatment,  quoted  above,  do  not  indicate 
st  was  used  on  the  assays  for  each  exposed  brain 
ralateral  control  hemisphere,  which  would  seem  to 
stic.  Regarding  the  16-Hz  value  in  Table  36  for 
which  was  labeled  significant  by  them,  it  is 
aired  t-test,  t-1.99,  which  is  significant  under 
(0 . 025<p<0 . 05 ) ,  but  is  just  outside  the  level  of 
2-tailed  criterion  (0 . 05<p<0 . 1 ) .  Also,  that  mean 
9X  obtained  previously,  but  the  difference 
if icant . 


Also  performed  were  preliminary  experiments  on  possible  calcium  efflux 
from  skeletal  muscles  (lateral  head  of  the  gastrocnemius).  Muscle  and 
cerebrum  excised  from  the  same  chicks  were  tested  concurrently  for  20- 
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min  exposures  to  fields  modulated  at  6  or  16  Hz  and  no  field.  The 
results  are  shown  in  Table  37  (from  Table  2  of  the  paper): 

TABLE  37:  PERCENTAGE  CALCIUM  EFFLUX  FROM  BRAIN  AND  MUSCLE 


Exposure  X  Efflux  +  /-  SE  (N) 

Condition  Brain 


Control  100.0  +  /-  5.4  (10) 

6-Hz  Mod.  115.0  +/-  4.2  (10)* 

16-Hz  Mod.  119.1  +/-  6.2  (10)* 


*p<0 . 05 


X  Efflux  +/-  SE  (N) 
Muscle 

100.0  +  /-  5.8  (10) 

105.1  +/-  9.8  (10) 

100.1  +/-  3.9  (15) 


As  seen  above,  the  results  for  muscle  exhibited  much  greater  variabi¬ 
lity  than  those  for  brain  tissue,  but  neither  exposure  condition  had  any 
significant  effect  on  mean  percentage  calcium  efflux  therefrom. 

The  cerebral-calcium-efflux  results  of  this  study  constitute  evidence 
for  the  existence  of  a  quite  subtle  RFR  effect.  The  absence  of  the 
effect  for  unmodulated  RFR  and  for  modulation  frequencies  outside  the 
range  reported  is  an  indication  that  heating  of  the  preparation  by  the 
RFR  is  unlikely  to  be  involved.  Rather,  some  nonlinear  mechanism  may 
exist  in  the  preparation  that  is  capable  of  recovering  and/or  responding 
to  one  polarity  of  the  modulation  envelope.  Such  a  mechanism  would  also 
have  to  have  a  time  constant  comparable  to  that  for  16  Hz,  at  which  the 
effect  is  near  maximum. 


The  authors  speculated  that  such  slow  undulations  of  the  extracellular 
electric  field  could  affect  the  binding  of  calcium  to  the  neuronal 
membrane,  and  that  a  small  displacement  of  calcium  ions  would  result  in 
cooperative  interaction  between  modified  adjacent  binding  sites,  thus 
producing  propagation  and  amplification  of  local  electrical  events. 

Bawin  and  Adey  (1976a, b),  to  ascertain  whether  calcium  efflux  induced 
by  amplitude-modulated  147-MHz  fields  was  due  to  the  carrier  frequency 
or  the  modulation  per  se,  performed  similar  experiments  with  excised 
tissue  from  chicks  (cerebral  and  muscle)  and  cats  (cerebral  only),  but 
exposed  the  preparations  to  sinusoidal  fields  at  discrete  frequencies  in 
the  extremely-low-f requency  (ELF)  and  sub-ELF  ranges  (1-75  Hz).  Expo¬ 
sures  were  done  between  two  parallel  metal  plates  1  square  meter  in  area 
and  spaced  50  cm  apart  in  a  chamber  held  at  36  deg  C.  Brain  samples  in 
1  ml  of  physiologic  medium  were  exposed  for  20  min  to  1,  6,  16,  or  32  Hz 
at  peak  fields  (in  air)  of  5,  10,  56,  and  100  V/m.  The  muscle  prepara¬ 
tions  were  exposed  for  20  min  to  a  16-Hz  field  at  20  V/m. 


Cerebral  and  muscle  samples  from  the  chick  were  prepared  and  the  0.2- 
ral  aliquots  of  bathing  solutions  were  assayed  for  radioactivity  follow¬ 
ing  treatment  as  in  the  previous  study.  In  addition,  each  brain  sample 
was  dissolved  overnight  in  a  digestive  medium  and  assayed  for  radioac¬ 
tivity  as  a  check.  Cortical  samples  were  dissected  from  the  visual, 


auditory,  somatosensory,  and  suprasylvian  areas  of  anesthetized  cats. 
Each  sample  was  bisected  and  the  pia  mater  removed  before  weighing. 

Half  of  each  bisected  sample  for  each  field  condition  was  exposed  after 
incubation  with  Ca-45++,  with  the  other  half  kept  concurrently  in  a  bath 
at  36  deg  C  as  the  control.  Experiments  were  also  done  in  which  samples 
were  sham-exposed,  and  the  results  were  compared  with  those  of  controls. 

About  statistical  treatment  of  the  data,  Bawin  and  Adey  (1976b) 
stated:  "Our  pilot  studies  with  radio  frequency  fields  demonstrated  that 
sample  counts  more  than  40X  above  or  below  the  mean  of  any  set  of  10 
samples  can  be  discarded  as  aberrations  due  to  experimental  errors  in 
washing  the  tissue  after  incubation  or  in  collecting  the  supernatant 
following  the  test  period.  In  the  present  study,  two  statistical  cri¬ 
teria  applied  to  each  set  of  data  confirmed  our  previous  observations. 
Extreme  counts  in  any  set  more  than  1.5  standard  deviations  away  from 
the  mean  also  satisfied  the  probability  levels  (0.1  to  0.01)  in  a  sta¬ 
tistical  method  based  on  the  range  of  values  [maximum  ratio  of  extreme 
ranking  observations  (Dixon,  1951)].  Therefore,  such  extreme  values 
were  eliminated  from  the  sets  (fields  as  well  as  controls)  before  final 
analysis  of  the  data.  The  radioactivities  (cpm/g)  of  all  samples 
(supernatant  and  digested  tissues)  were  referred  to  the  mean  value  of 
the  counts  obtained  in  control  effluxes.  This  allows  direct  comparison 
between  the  amounts  of  Ca-45++  taken  up  by  the  tissues  and  subsequently 
released  during  the  experimental  conditions.  All  normalized  data  were 
statistically  compared  (t  test)  with  matched  samples  of  control  values. 

"The  results  are  expressed  in  terms  of  the  mean  of  all  samples  within 
a  condition,  plus  or  minus  the  standard  error  of  the  mean  (m  +/-  sem) . 
340  neonate  chicks  and  39  adult  cats  were  used  in  this  study." 

The  mean  chick-brain  ratio  m  +  /-  SE  for  each  of  the  four  frequencies 
and  field  intensities  (F)  and  for  the  controls  (C)  were  presented  in 
Table  1  of  Bawin  and  Adey  (1976b),  shown  adapted  as  Table  38.  Also 
given  were  the  numbers  of  samples  (n)  and  the  values  of  t.  (These  means 
and  SEs  were  also  displayed  in  Fig.  1  of  the  paper  as  bar  graphs,  but 
the  SE  bars  were  erroneously  half  the  values  given  in  Table  38.) 


TABLE  38:  MEAN  CALCIUM-EFFLUX  RATIOS  FROM  CHICK  FOREBRAIN 


Mod . 

m 

+/- 

SE 

(F) 

m 

*/- 

SE 

(C) 

n 

t 

5 

V/ra 

6 

Hz 

0. 

,923 

+/- 

0. 

036 

1 

.000 

+/- 

0. 

038 

30 

1. 

,450 

16 

Hz 

0. 

,933 

+  /- 

0. 

041 

1 

.000 

+/- 

0. 

041 

27 

1. 

,  144 

32 

Hz 

0. 

,945 

+/- 

0. 

038 

1 

.000 

+/- 

0. 

041 

27 

0. 

974 

10 

V/m 

1 

Hz 

0. 

,943 

+/- 

0. 

041 

1 

.000 

+/- 

0. 

038 

26 

1 . 

.021 

6 

Hz 

0. 

,866 

+/- 

0. 

029 

1 

.000 

+/- 

0. 

037 

26 

3. 

,  069** 

16 

Hz 

0. 

,849 

+/- 

0. 

026 

1 

.000 

+/- 

0. 

031 

38 

3. 

.726** 

32 

Hz 

0. 

,913 

+/- 

0. 

038 

1 

.000 

+/- 

0. 

037 

27 

1. 

.633 

56 

V/m 

1 

Hz 

1 . 

,028 

+/- 

0. 

042 

1 

.000 

+/- 

0. 

038 

26 

0. 

.515 

6 

Hz 

0. 

,882 

+  /- 

0. 

032 

1 

.000 

+/- 

0. 

030 

37 

2. 

.681* 

16 

Hz 

0. 

.889 

+/- 

0. 

035 

1 

.000 

+/- 

0. 

028 

36 

2. 

.489* 

32 

Hz 

0. 

.942 

+/- 

0. 

031 

1 

.000 

+/- 

0. 

038 

26 

1 , 

.518 

100 

V/m 

6 

Hz 

0. 

.928 

+/- 

0. 

028 

1 

.000 

+/- 

0. 

029 

36 

1 , 

.  735* 

16 

Hz 

0. 

.995 

+  /- 

0. 

037 

1 

.000 

+/- 

0. 

037 

28 

0, 

.092 

*p<0 . 05 ;  **p<0.01 


The  results  above  indicate  that  the  effect  with  ELF  and  sub-ELF  fields 
was  opposite  to  that  with  amplitude-modulated  147-MHz  RFR  (Bawin  et  al., 
1975),  i.e.,  mean  ratios  of  less  than  unity  (decreases  rather  than  in¬ 
creases  of  calcium  efflux)  were  obtained  for  all  conditions  except  with 
1  Hz  at  10  V/m,  with  maximum  effect  with  6  and  16  Hz  at  10  V/m.  In 
addition,  the  data  indicate  the  existence  of  a  field-amplitude  "window" 
(as  well  as  a  frequency  window),  i.e.,  with  6  and  16  Hz,  the  decreases 
were  statistically  significant  at  10  V/m  (p<0.01)  and  56  V/m  (p<0.05) 
but  not  at  5  or  100  V/m.  The  results  for  the  chick-muscle  preparations 
indicated  no  effect  of  field  exposure,  in  consonance  with  the  previous 
negative  finding  with  amplitude-modulated  147-MHz  RFR. 

About  the  brain-tissue  assays,  the  authors  stated:  "Tissue  counts  from 
exposed  brain  tissues  were  not  statistically  different  from  the  control 
values.  Each  field  condition  was  tested  against  the  corresponding  no 
field  control  to  insure  that  the  decrease  seen  in  the  Ca-45++  release 
was  not  due  to  an  accidentally  low  tissue  uptake.  The  mean  uptake 
obtained  for  all  brain  samples  (across  all  field  conditions),  expressed 
as  a  ratio  with  respect  to  the  mean  efflux  of  all  controls,  was  3.076 
with  a  standard  error  of  0.104;  the  control  values  were  3.167  and  0.090. 
Thus  the  ratio  of  Ca-45++  uptake  in  the  brain  tissues  versus  the  Ca-45++ 
released  in  the  bathing  fluid  was  three  to  one." 

The  results  for  the  cat-cortex  preparations  are  displayed  in  Table  39: 


TABLE  39:  MEAN  CALCIUM- EFFLUX  RATIOS  FROM  CAT  CORTEX 


Mod . 

m 

+/- 

SE 

(F) 

m 

♦  /- 

SE 

(C) 

n 

t 

10 

V/m 

6 

Hz 

0. 

,948 

+  /- 

0. 

023 

1 

.000 

+/- 

0. 

032 

23 

1. 

.296 

16 

Hz 

0. 

,982 

+/- 

0. 

037 

1 

.000 

+/- 

0. 

034 

29 

0. 

.302 

32 

Hz 

1 . 

,006 

+  /- 

0. 

054 

1 

.000 

+/- 

0. 

036 

16 

0. 

.  108 

56 

V/m 

1 

Hz 

0. 

,974 

+  /- 

0. 

054 

1 

.000 

+/- 

0. 

036 

23 

0. 

.386 

6 

Hz 

0, 

,855 

+  /- 

0. 

034 

1 

.000 

+/- 

0. 

043 

21 

2. 

.600* 

16 

Hz 

0. 

.874 

+  /- 

0. 

025 

1 

.000 

+/- 

0. 

026 

24 

3. 

.402** 

32 

Hz 

0. 

.909 

+  /- 

0. 

034 

1 

.000 

+/- 

0. 

040 

21 

1. 

.  704 

75 

Hz 

0, 

.932 

+  /- 

0. 

026 

1 

.000 

♦/- 

0. 

033 

22 

1, 

.600 

100 

V/m 

6 

Hz 

1. 

.000 

+  /- 

0. 

025 

1 

.000 

+/- 

0. 

032 

21 

0. 

.016 

16 

Hz 

0, 

.965 

+  /- 

0. 

033 

1 

.000 

+/- 

0. 

025 

29 

0. 

.830 

*p<0.05;  **p<0.01 


As  seen  above,  decreases  in  calcium  efflux  were  obtained  under  almost 
all  exposure  conditions,  but  the  only  significant  changes  were  at  56  V/m 
for  6  Hz  (p<0.05)  and  16  Hz  (p<0.01),  again  indicating  the  existence  of 
an  amplitude  window.  The  authors  noted  that  no  significant  differences 
were  found  between  different  cortical  regions,  and  that  removal  of  the 
pia  mater  was  essential  for  consistent  effects  in  neocortical  samples. 
They  also  found  no  differences  in  results  for  samples  sham-exposed  and 
samples  placed  in  the  heated  bath,  or  between  samples  tested  at  30  and 
36  deg  C. 

The  field  amplitudes  cited  were  those  in  air  between  the  two  exposure 
plates.  Regarding  the  magnitudes  of  the  induced  internal  field,  the 
authors  stated:  "Tissue  gradients  were  not  directly  measured,  but  in 
related  studies,  gradients  of  the  order  of  0.1  raicrovolt/cm  were  induced 
in  a  phantom  monkey  head  by  fields  of  similar  geometry  (Miller  et  al . , 
1974)."  However,  the  description  of  the  work  on  the  phantom  monkey  head 
was  obscure;  also,  it  is  difficult  to  understand  the  extrapolation  from 
the  results  for  the  phantom  monkey  head  to  the  brain  preparations  used 
in  these  experiments. 

On  the  other  hand,  as  with  the  study  by  Bawin  et  al.  (1975),  heating 
of  the  preparations  by  the  ELF  or  sub-ELF  fields  was  most  unlikely  to  be 
involved.  Instead,  some  nonlinear  mechanism  capable  of  rectifying  the 
sinusoidal  field  with  a  time  constant  within  those  for  the  frequency 
range  where  the  effect  occurs  may  exist  in  the  preparations.  However, 
why  decreases  of  calcium  efflux  were  found  for  sub-ELF  fields  and 
increases  were  found  for  sub-ELF-modulated  147-MHz  RFR  is  not  readily 
explainable.  The  authors  speculated  on  possible  mechanisms  for  the 
basic  phenomenon,  including  triggering  of  cooperative  interactions  at 
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the  cell  membrane  surface.  In  Bawin  et  al.  (1978),  a  more  complete 
discussion  of  possible  mechanisms  was  presented.  Also  included  therein 
were  data  on  increases  of  calcium  efflux  from  chick-brains  exposed  to 
16-Hz-modulated  450-MHz  RFR;  these  results  indicated  the  existence  of  a 
power-density  window  in  the  range  0. 1-1.0  mW/sq  cm. 

Regarding  the  statistical  treatment  of  the  numerical  results,  the 
validity  of  discarding  extreme  values  a  posteriori  rather  than  because 
of  foreknowledge  that  an  experimental  error  may  have  occurred  in  any 
specific  sample  is  questionable,  and  weakens  the  credibility  of  the 
results.  It  is  noteworthy  that  since  the  opposite  effect  (decreases 
rather  than  increases  in  calcium  efflux)  was  presumably  not  predicted 
before  the  results  were  obtained,  use  of  the  2-tailed  (rather  than  the 
1-tailed)  significance  criterion  was  appropriate. 

Sheppard  et  al .  (1979)  similarly  prepared  and  exposed  chick-brain 
halves  to  450-MHz  RFR  sinusoidally  modulated  at  16  Hz  only,  this  being 
the  frequency  for  maximum  effect  in  prior  studies  with  147-MHz  RFR 
(Bawin  et  al . ,  1975).  The  exposures  were  for  20  rain  at  36  deg  C  and 
about  40X  relative  humidity  to  a  TEM  field  within  a  tapered  chamber 
fitted  with  RFR-absorbing  material  on  the  back  and  side  walls.  The 
incident  average  power  densities  were  0.05,  0.10,  1.0,  2.0,  and  5.0 
mW/sq  cm.  Following  exposure,  0.2-ml  aliquots  of  supernatant  were 
assayed  for  Ca-45++  by  liquid  scintillation  counting;  the  brains  were 
dissolved  overnight  and  also  assayed  for  Ca-45++.  Eight  runs  involving 
five  each  exposed  and  control  half-brains  per  run  were  performed  at  each 
power  density  except  5  mW/sq  cm,  at  which  only  six  runs  were  done,  for  a 
total  of  190  chick  brains.  Mean  supernatant  radioactivities  of  each 
exposure  group  were  normalized  to  the  mean  values  for  the  corresponding 
control  groups,  and  the  2-tailed  t-test  was  used.  The  normalized  mean 
(m)  and  SE,  number  (N)  of  paired  samples,  and  value  of  t  for  each  RFR 
level  are  shown  in  Table  40,  adapted  from  Table  1  of  the  paper,  the 
asterisk  indicating  significance  (p<0.05): 

TABLE  40:  CALCIUM  EFFLUX  FROM  CHICK  BRAINS 


RFR  LEVEL 

EXPOSED 

CONTROL 

N 

t 

mW/sq  cm 

m  +/- 

SE 

m  +/-  SE 

0.05 

0.937 

+/- 

0.025 

1.0  +/- 

0.030 

40 

1.615 

0.10 

1.080 

+  /- 

0.026* 

1.0  +/- 

0.026 

40 

2.13 

1.0 

1.112 

+  /- 

0.032* 

1.0  +/- 

0.026 

40 

2.68 

2.0 

1.035 

+  /- 

0.030 

1.0  +/- 

0.023 

40 

0.339 

5.0 

1.022 

♦  /- 

0.030 

1.0  +/- 

0.034 

30 

0.484 

The  authors  stated:  "With  attention  to  the  important  experimental 
steps  (consistency  in  the  pH  and  osraolarity  of  the  physiological 
solution,  and  careful  rinsing  of  the  brains  after  incubation  with  the 
radioactive  solution)  it  was  possible  to  reduce  the  occurrence  and 
magnitude  of  extreme  values  so  that  no  data  points  were  discarded. 
Significant  results  were  found  at  the  P<0.05  level,  with  statistical 


significance  estimated  by  the  two-tailed  t-test." 

Tissue  counts  for  dissolved  brains  showed  that  the  proportion  of  Ca- 
45++  remaining  in  the  tissue  was  greater  than  in  the  supernatant;  the 
ratio  of  the  normalized  counts  in  tissue  to  the  counts  per  ml  in  super¬ 
natant  was  3.5:1.  The  difference  between  mean  tissue  counts  for  exposed 
and  control  brains  was  not  significant. 

The  authors  proposed  a  model  for  the  interaction  of  weak  electric 
fields  with  neuronal  membranes,  which  describes  amplification  of  weak 
signals  by  the  cooperative  behavior  of  glycoprotein-bound  ions  in  the 
membrane  under  the  influence  of  field  enhancement  by  polarization  of 
surrounding  unbound  ions.  They  suggested  that  field-triggered  cooper¬ 
ative  behavior  of  the  bound  ions  could  change  the  calcium  binding  and 
give  rise  to  the  effects  found  and  stated:  "Adey  has  suggested  that  the 
sub-ELF  envelope  impressed  on  the  RF  carrier  is  detected  at  the  polyan¬ 
ionic  surface  due  to  a  strong  asymmetry  in  charge  distribution  with  re¬ 
spect  to  that  surface.  The  charge  asymmetry  at  the  borders  of  glyco¬ 
protein-dense  regions  may  allow  demodulation  much  as  in  the  case  of  a 
semiconductor  diode  but  further  details  of  the  mechanism  and  its  cou¬ 
pling  to  the  cooperative  system  have  not  been  developed." 

Allis  and  Fromme  (1979)  pointed  out  that  calcium  is  also  transported 
across  biological  membranes  by  energy-dependent  processes,  suggesting 
specifically  that  amplitude-modulated  RFR  may  directly  stimulate  the 
membrane  to  transport  calcium  (or  stimulate  calcium-sequestering  sites 
within  the  cell  to  release  or  bind  calcium),  thus  altering  the  quantity 
of  calcium  ions  transferred  across  the  membrane.  With  this  hypothesis, 
they  performed  experiments  in  which  specially  prepared  membrane-bound 
enzyme  systems  were  exposed  to  almost  100%  amplitude-modulated  2.45-GHz 
RFR  in  a  spectrophotometr ic  apparatus  that  was  equipped  with  a  slotted- 
waveguide  applicator,  thus  permitting  measurement  of  enzyme  activity 
during  exposure  (Allis  et  al.,  1975). 

Two  enzyme  systems  were  selected  for  study:  sodium-potassium  adenosine 
triphosphatase  (ATPase)  from  the  erythrocyte's  plasma  membrane,  which 
transports  sodium  and  potassium  ions  across  the  membrane  as  adenosine 
triphosphate  (ATP)  is  hydrolyzed  (and  may  be  responsible  for  maintaining 
the  sodium-potassium  balance  in  the  cell);  cytochrome  oxidase,  which  is 
contained  in  the  inner  membrane  of  mitochondria  (and  is  the  final  enzyme 
in  the  electron-transport  chain  of  oxidative  phosphory 1 iza* ion) .  Both 
preparations  were  derived  from  the  rat. 

Exposure  was  started  after  initiating  the  specific  reaction  for  each 
enzyme  system,  and  the  reaction  and  exposure  were  continued  for  15  min, 
during  which  the  reaction  rate  was  measured  spectrophotometr ical ly  at 
the  appropriate  wavelengths.  Three  RFR-exposure  and  three  control 
assays  were  made  per  day,  with  each  set  performed  first  on  alternate 
days.  From  heating  and  cooling  curves,  the  SAR  was  26  W/kg  (Allis  et 
al.,  1977).  The  sinusoidal  modulation  frequencies  used  were  16,  30,  90, 
and  120  Hz. 
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The  membrane  preparations  for  the  ATPase  system  were  found  to  vary  in 
enzyme  activity  per  gram  of  total  protein,  so  membranes  from  a  single 
preparation  were  used  on  each  day  (presumably  for  one  frequency),  but 
more  than  one  preparation  was  necessary  to  complete  several  runs  at  each 
frequency.  For  this  reason,  the  activities  of  the  samples  exposed  to 
RFR  each  day  were  averaged  and  compared  with  the  mean  activity  of  that 
day's  control  samples.  Paired  t-tests  of  the  results  showed  that  the 
differences  in  enzyme  activities  were  nonsignificant  (p>0.1)  at  any 
modulation  frequency.  An  analysis  of  variance  was  also  performed  on  the 
mean  values  of  each  day's  results.  A  nested  design  was  used  because  the 
daily  variation  in  results  was  nested  within  the  effect  of  modulation 
frequency.  The  effects  of  treatment  vs  control,  variation  of  modulation 
frequency,  and  frequency-treatment  interaction  were  all  nonsignificant. 

The  reaction  rate  of  the  cytochrome-oxidase  system  proved  to  be  too 
high  to  permit  direct  measurements  of  its  specific  activity.  Therefore, 
this  assay  was  run  under  conditions  for  which  the  apparent  first-order 
rate  constant  could  be  measured.  Use  of  statistical  techniques  similar 
to  those  for  the  ATPase  system  yielded  no  significant  differences 
between  RFR-exposed  and  control  samples. 

However,  as  Allis  and  Fromrae  (1979)  pointed  out,  the  results  of  this 
study  were  not  definitive,  because:  the  membranes  were  tested  for  two 
functions  under  highly  artificial  conditions,  e.g.,  the  resting  elec¬ 
trical  potential  across  the  membrane  was  not  maintained  in  the  in-vitro 
preparations  used;  the  exposure  levels  were  much  higher  than  the  power- 
density  window  found  in  the  previously  cited  research;  and  of  the  four 
modulation  frequencies  used,  only  16  Hz  was  within  the  frequency  window 
found  for  nerve-tissue  effects. 

Blackman  et  al.  (1979)  performed  experiments  toward  reproducing  the 
147-MHz  chick-brain  results  of  Bawin  et  al.  (1975).  After  decapitating 
each  chick,  its  forebrain  was  removed  and  divided  at  the  midline  to  pro¬ 
vide  an  exposure-control  pair.  After  four  brain-tissue  pairs  were  pre¬ 
pared,  each  tissue  sample  was  weighed.  Each  specimen  was  then  immersed 
in  1  ml  of  physiologic  medium  labeled  with  Ca-45++  and  agitated  for  30 
min  at  37  deg  C.  The  radioactive  solution  was  then  aspirated  and  the 
tissues  were  rinsed  as  follows:  Two  ml  of  medium  was  added  to  each  tube 
and  then  was  poured  off  with  the  tissues  into  small  plastic  sieves. 

Each  sample  was  rinsed  successively  in  two  250-ml  volumes  of  nonradio¬ 
active  medium,  to  render  it  free  of  any  loosely  associated  Ca-45++,  and 
was  placed  in  a  clear  plastic  tube  containing  1  ml  of  medium  for 
exposure . 

Samples  were  exposed  to  147-MHz  RFR  for  20  min  in  a  rectangular  TEM 
cell  (Crawford,  1974;  Weil,  1978)  that  was  enclosed  in  a  foamed  poly¬ 
styrene  chamber  maintained  at  37  +/-  0.2  deg  C.  The  sample-containing 
tubes  in  Lucite  racks  were  arranged  symmetrically  on  each  side  of  the 
center  conductor  of  the  TEM  cell  while  similar  racks  were  placed  on 
shelves  within  the  chamber  alongside  the  cell  in  a  region  where  the 
field  strength  was  more  than  30  dB  lower  than  in  the  cell.  Two  series 
of  exposures  were  done.  In  one  series,  the  power  density  was  held 


constant  at  0.75  mW/sq  cm  and  the  modulation  frequencies  were  0,  3,  9, 
16,  and  30  Hz.  In  the  other  series,  the  modulation  frequency  was  held 
constant  at  16  Hz  and  the  power  densities  were  0  (sham),  0.5,  0.75,  1.0, 
1.5,  and  2.0  mW/sq  cm. 

Following  RFR-  or  sham-exposure,  0.2-ral  aliquots  of  bathing  medium 
were  assayed  for  radioactivity  by  liquid  scintillation  counting.  The 
counts-per-rain  (CPM)  value  for  each  specimen  was  normalized  to  the 
weight  of  the  specimen,  and  the  difference,  V,  in  normalized  values 
between  the  exposed  half-brain  and  its  control  was  treated  as  the  vari¬ 
able  for  statistical  analysis.  Preparation  and  exposure  of  four  brain- 
tissue  pairs  were  repeated  nine  times  for  each  condition  of  frequency 
and  power  density,  and  a  nested  one-way  analysis  of  variance  was  used 
for  each  series.  For  those  values  of  the  F  statistic  that  were  signifi¬ 
cant,  a  multiple-comparison  procedure  (sequential  Newman-Keuls )  was  used 
to  determine  where  significant  differences  existed  between  means. 

The  mean  values  of  V  for  the  constant-power-density  series  (0.75  mW/sq 
cm)  and  for  sham-exposure  were  displayed  in  Fig.  2  of  the  paper  as  bar 
graphs  with  SEs.  All  mean  values  were  positive  (increases  in  calcium 
efflux);  those  for  sham-exposure  and  30  Hz  were  close  to  zero,  which  was 
well  within  their  SEs;  the  values  of  (V-SE)  for  the  other  frequencies 
were  all  positive,  but  only  the  mean  value  of  V  for  16  Hz  was  labeled 
significant  (p<0.05).  The  analysis  of  variance  yielded  a  significant 
effect  of  frequency  ( F( 5 , 48 )»3 . 32 ,  p<0.02).  The  multiple-comparison 
procedure  showed  that  V  for  16  Hz  was  significantly  higher  than  for 
sham-exposure  or  for  30  Hz,  but  that  all  the  other  values  of  V  were 
nonsignificant  (p>0.05),  including  the  difference  between  the  means  for 
those  exposed  to  the  unmodulated  RFR  and  those  sham-exposed. 

The  mean  values  of  V  for  the  constant-raodulat ion-frequency  series  (16 
Hz)  were  similarly  displayed  in  Fig.  3  of  the  paper.  All  mean  values  of 
V  except  for  0.75  mW/sq  cm  were  close  to  zero.  (Those  for  0,  0.5,  and 
2.0  mW/sq  cm  were  slightly  positive  and  those  for  1.0  and  1.5  mW/sq  cm 
were  slightly  negative.)  For  0.75  mW/sq  cm,  however,  V  was  positive  and 
labeled  significant  (p<0.01).  Analysis  of  variance  showed  a  significant 
power-density  effect  [F( 5 , 48)»5 . 77 ,  p<0.001].  The  multiple-comparison 
procedure  indicated  that  the  mean  V  for  0.75  mW/sq  cm  was  significantly 
higher  (p<0.01)  than  the  values  for  the  other  five  power  densities. 

The  authors  stated:  "Our  results  indicate  that  the  modulation- 
frequency  window  in  which  calcium-ion  flux  is  enhanced  only  occurs 
within  a  restricted  range  of  power  densities.  Our  initial  attempts  to 
reproduce  the  modulation-frequency  window  were  hampered  by  the  dramatic 
character  of  the  power-density  effect,  of  which  we  were  initially 
unaware.  These  results  indicate  a  maximal  power-density  effect  at  0.75 
mW/sq  cm  and  no  enhancement  at  levels  plus  or  minus  0.25  mW/sq  cm  of 
this  value.  The  narrow  width  of  this  window  was  not  observed  in  the 
preliminary  study  in  which  intermediate  values  for  enhanced  efflux  were 
found  at  0.5  and  1.0  mW/sq  cm." 

They  also  noted:  "In  the  experiments  performed  at  147  MHz,  no  differ- 
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ence  could  be  detected  in  the  measured  values  of  incident  and  trans¬ 
mitted  power  [in  the  TEM  cell].  This  means  that  the  rate  of  absorption 
of  RF  energy  by  the  samples  is  low;  i.e.,  less  than  the  approximately 
0.4  mW/g  that  can  be  resolved  within  the  +/-  12  of  full-scale  uncer¬ 
tainty  specified  for  our  power  meters.  In  measurements  performed  at  a 
higher  frequency  of  500  MHz,  where  the  ratio  of  sample  size  to  wave¬ 
length  is  considerably  greater  than  that  existing  at  147  MHz,  an  SAR  of 
1  mW/g  was  obtained  in  a  10  mW/sq  cm  field.  Thus,  at  500  MHz,  an  inci¬ 
dent  field  of  0.75  mW/sq  cm  would  be  expected  to  produce  an  SAR  of  0.075 
mW/g,  which  doubtless  represents  an  upper  limit  of  the  SAR  in  our  exper¬ 
iments.  This  rate  of  energy  deposition  is  too  low  to  produce  measurable 

heating  by  any  readily  available  method  (Allis  et  al.,  1977;  Blackman 
and  Black,  1977;  Kinn,  1977)." 

The  results  of  Blackman  et  al.  (1979)  appear  to  confirm  the  existence 
of  the  calcium-efflux  phenomenon  in  excised  chick  brains,  at  least  for 
147-MHz  RFR  amplitude-modulated  at  16  Hz.  As  noted  by  the  authors, 
however,  the  power  density  window  found  is  narrower  than  the  windows 
found  by  Bawin  and  coworkers  for  modulated  450-MHz  RFR  (Sheppard  et  al., 

1979)  and  sinusoidal  sub-ELF  fields  (Bawin  et  al.,  1976a, b). 

Blackman  et  al.  (1980a)  extended  this  work  with  amplitude-modulated 
147-MHz  RFR,  to  determine  whether  the  width  of  the  power-density  window 
depends  on  the  number  of  brain  samples  exposed  simultaneously  in  their 
system  (a  possible  artifact)  and  whether  the  modulation  frequency  used 
affects  the  location  or  width  of  the  power-density  window.  For  this 
purpose,  the  experimental  design  was  improved  by  obtaining,  for  each 
exposure  condition,  a  companion  set  of  results  for  sham-exposure  under 
otherwise  identical  conditions. 

Brain  tissues  were  obtained  from  chicks  1  to  7  days  old  and  processed 
as  in  the  previous  study.  Lucite  racks  holding  the  tissue  samples  to  be 
exposed  were  arranged  symmetrically  on  each  side  of  the  center  conductor 
of  the  TEM  cell  in  the  calculated  uniform-field  region  and  similar  racks 
containing  the  control  samples  were  placed  on  shelves  outside  the  cell. 
Exposures  were  for  20  rain  to  147-MHz  RFR  sinusoidally  modulated  with  0, 
9,  or  16  Hz  at  power  densities  of  0.11,  0.55,  0.83,  1.1,  1.38,  and  1.66 
mW/sq  cm.  The  authors  noted  that  the  0 . 83-raW/sq-cra  level  represented  a 
correction  to  the  0.75  mW/sq  cm  used  in  the  previous  study  and  was  based 
on  a  more  accurate  calibration.  Half  of  each  chick  brain  was  exposed  to 
the  RFR,  and  the  other  half,  which  was  neither  exposed  nor  sham-exposed, 
served  as  its  control.  Halves  of  other  brain  pairs  were  sham-exposed  in 
the  TEM  cell,  and  the  corresponding  halves  served  as  controls. 

In  one  series  of  runs,  four  brain  samples  were  treated  concurrently 
per  run  in  the  TEM  cell  (with  the  corresponding  controls  outside  the 
cell).  In  another  series,  six  tubes  containing  equivalent  amounts  of 
unlabeled  medium  only  (dummy  loads)  were  placed  in  the  Lucite  racks 
together  with  four  tubes  containing  brain  samples  (10  tubes  total  per 
run).  In  a  third  series,  conducted  to  determine  the  influence  of 
temperature  only,  Lucite  racks  holding  four  tubes  containing  brain 
halves  were  placed  in  water  baths  for  20  min  at  32,  37,  or  41  deg  C 


while  the  complementary  halves  were  held  for  20  min  at  37  deg  C. 

The  relative  quantity  of  Ca-45  ions  released  by  each  tissue  pair  was 
defined  as  the  ratio,  Vt/Vc,  of  the  CPMs  for  the  treated  and  control 
samples.  Time  and  replication  effects,  sought  by  analysis  of  variance 
for  a  partially  nested  design,  were  not  found,  so  analysis  of  variance 
for  a  one-way  design  was  done  for  each  combination. 

Statistically  significant  differences  in  values  of  Vt/Vc  were  found 
between  RFR-  and  sham-exposed  tissues  for  eight  combinations  of  power 
density,  modulation  frequency,  and  number  of  tubes/run  (brains  only  or 
brains  plus  dummy  loads).  One  combination  that  yielded  a  significant 
difference  at  the  p<0.001  level  was  for  4  tubes/run  with  16  Hz  at  0.83 
mW/sq  cm;  the  corresponding  differences  for  4  tubes/run  with  16  Hz  at 
0.55  and  1.11  raW/sq  cm  were  nonsignificant  (p>0.05),  indicating  the 
existence  of  a  narrow  power-density  window.  These  results  were  similar 
to  those  found  in  the  previous  study.  For  10  tubes/run  with  16  Hz  at 
0.83  mW/sq  cm,  the  difference  in  mean  values  for  RFR-  and  sham-exposed 
tissues  was  significant  (p<0.001),  but  so  were  the  differences  for  0.55, 
1.11,  and  1.38  mW/sq  cm  (0 . 01<p<0 . 05) ,  implying  that  the  power-density 
window  was  broadened  by  the  presence  of  the  dummy  loads.  This  effect 
was  provisionally  ascribed  by  the  authors  to  greater  interaction  among 
samples  that  distorted  the  fields  in  the  vicinity  of  the  brain  samples. 

The  difference  for  10  tubes/run  with  9  Hz  at  0.83  mW/sq  cm  was  also 
significant  (p<0.001),  as  were  those  for  10  tubes/run  with  9  Hz  at  0.55 
and  1.11  mW/sq  cm  ( 0 . 01 <p<0 . 05 ) ,  thus  indicating  that  the  modulation- 
frequency  window  was  relatively  broad.  (A  series  for  9  Hz  with  4  tubes 
per  run  was  not  done.)  The  authors  noted  that  although  the  differences 
in  Vt/Vc  between  the  RFR-  and  sham-exposed  samples  for  the  remaining 
combinations  of  power  density,  modulation  frequency,  and  number  of 
tubes/run  were  nonsignificant,  the  values  of  Vt/Vc  for  the  RFR-exposed 
samples  were  all  inexplicably  larger  than  for  their  corresponding  sham- 
exposed  samples. 

For  the  exposures  to  unmodulated  RFR  at  0.83  raW/sq  cm  (10  tubes/run), 
the  differences  in  Vt/Vc  between  RFR-  and  sham-exposed  samples  were 
nonsignificant  (p>0.05).  For  the  tissues  held  at  other  temperatures 
than  37  deg  C,  the  efflux  was  9X  lower  at  32  deg  C  and  15X  higher  at  41 
deg  C  than  at  37  deg  C.  However,  the  authors  excluded  the  possibility 
of  RFR-induced  temperature  increases  as  a  factor  in  the  positive  results 
above  because  the  maximum  SAR  was  undoubtedly  less  than  0.075  W/kg. 

Blackman  et  al.  (1980b)  also  conducted  experiments  with  16-Hz- 
modulated  50-MHz  RFR  in  a  TEM  cell,  to  determine  whether  changes  in 
carrier  frequency  altered  the  range  of  power  densities  effective  in 
producing  statistically  significant  increases  in  calcium  efflux.  The 
exposure  conditions  and  protocol  were  similar  to  those  previously  used 
by  these  investigators.  Ten  tubes  were  treated  concurrently  per  run  (4 
brain  samples  and  6  dummy  loads),  to  broaden  the  power-density  window  as 
for  147  Mhz.  The  results  are  given  in  Table  41  (Table  2  of  the  paper): 
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TABLE  41:  MEAN  CALCIUM-EFFLUX  RATIOS  (Vt/Vc)  VERSUS  POWER  DENSITY  (PD) 


PD 

SHAM-EXPOSURE 

RFR-EXPOSURE 

(mW/sq  cm) 

n 

Vt/Vc 

SE 

Vt/Vc 

SE 

P 

0.37 

32 

1.063 

0.044 

1.053 

0.036 

0.863 

0.72 

47 

1 .  148 

0.04  7 

1.089 

0.032 

0.301 

1.44 

32 

1.014 

0.035 

1 .159 

0.044 

0.013 

1.67 

64 

1.026 

0.023 

1 .  182 

0.034 

<0.001 

2.17 

36 

1 .119 

0.036 

1 .138 

0.040 

0.730 

3.64 

64 

1.054 

0.029 

1 .  165 

0.033 

0.014 

4.32 

28 

1.058 

0.050 

1.079 

0.051 

0.778 

As  seen  above,  the  maximum  value  of  Vt/Vc  (1.182)  occurred  at  1.67 
mW/sq  cm  and  was  significantly  higher  (p<0.001)  than  the  corresponding 
Vt/Vc  for  sham-exposure  (1.026).  Significant  increases  in  calcium  ef¬ 
flux  (about  16%)  were  also  obtained  at  1.44  and  3.64  mW/sq  cm  (p-0.013 
and  0.014).  Exposure  at  the  intermediate  level  2.17  mW/sq  cm  yielded 
1.138,  only  marginally  higher  than  1.119  for  sham-exposure,  a  nonsigni¬ 
ficant  difference  (p=0.738).  The  value  of  Vt/Vc  for  RFR-exposure  at 
0.72  mW/sq  cm,  though  greater  than  unity  (1.089),  was  nonsignif icantly 
lower  (p-0.301)  than  for  sham-exposure  (1.148).  For  the  remaining  power 
densities,  the  differences,  some  of  which  were  negative  (decreases  in 
calcium  efflux),  were  also  nonsignificant  (p>0.05). 

The  authors  stated:  "Instead  of  a  power-density  window  centered  at 
0.83  mW/sq  cm  [for  147-MHz],  the  results  at  50  MHz  indicated  that  there 
are  at  least  two  ranges  of  power  densities  that  can  induce  enhanced 
calcium-ion  efflux;  one  range  spans  1.44  to  1.67  mW/sq  cm  and  is  bounded 
by  'no-enhancement'  results  at  0.72  and  2.17  mW/sq  cm;  the  other  range 
includes  3.64  mW/sq  cm  and  is  bounded  by  2.17  and  4.32  mW/sq  cm."  This 
argument  appears  specious,  however,  in  view  of  the  two  relatively  large 
values  of  Vt/Vc  for  sham-exposure  noted  above  (possibly  indicative  of 
the  presence  of  uncontrolled  non-RFR  factors).  If  those  values  had  been 
as  close  to  unity  as  the  other  sham-exposure  values,  perhaps  the  in¬ 
crease  in  calcium  efflux  for  exposure  at  2.17  mW/sq  cm  also  would  have 
been  significant,  thus  yielding  a  single  relatively  broad  power-density 
window  centered  at  1.67  mW/sq  cm. 

Joines  and  Blackman  (1980)  modeled  the  chick-brain  hemisphere  bathed 
in  buffer  solution  as  a  sphere  within  the  field  of  uniform  incident  RFR, 
in  an  endeavor  to  account  for  the  dependence  of  calcium-efflux  increase 
on  carrier  frequency  in  the  results  for  16-Hz  amplitude-modulated  RFR  at 
450  MHz  by  Bawin  et  al.  (1978)  and  Sheppard  et  al.  (1979)  and  at  147  and 
50  MHz  by  Blackman  et  al.  (1980a, b).  This  theoretical  analysis  showed 
that  the  average  electric-field  intensity  within  such  a  spherical  model 
can  be  made  the  same  at  the  three  carrier  frequencies  by  adjusting  the 
incident  power  density  to  compensate  for  the  frequency  dependence  of  the 
complex  permittivity  and  internal  wavelength  of  the  sample. 


Examination  of  the  experimental  data  on  this  basis  showed  that  all  of 


the  positive  and  negative  results  obtained  at  these  three  frequencies, 
when  compared  by  average  electric-field  intensity  within  the  sample, 
were  in  basic  agreement  and  that  no  result,  positive  or  negative,  was 
contradicted  by  a  corresponding  experimental  result  at  a  different 
carrier  frequency.  However,  the  model  did  not  take  into  account  the 
amplitude-modulation  frequencies  per  se.  Because  not  all  modulation 
frequencies  are  effective,  comparisons  among  average  electric-field 
intensities  within  the  samples  cannot  be  extended  to  other  modulation 
frequencies . 

Athey  (1981)  challenged  the  analysis  above.  He  pointed  out  that  there 
were  uncertainties  in  the  values  of  the  electrical  properties  (complex 
permittivity)  of  brain  material,  that  actual  samples  were  predominantly 
saline  and  therefore  different  from  the  brain  material  assumed  in  the 
model,  and  that  the  simple  homgeneous  spherical  geometry  assumed  may 
have  been  too  unrealistic,  all  of  which  led  to  uncertainties  that  were 
too  large  to  permit  meaningful  conclusions.  He  recommended  that  further 
work  be  based  on  experimental  dosimetry  to  diminish  such  uncertainties. 

In  rebuttal,  Joines  and  Blackman  (1981)  reported  results  on  an  im¬ 
proved  model,  that  of  a  layered  sphere.  They  performed  calculations 
with  the  new  model  for  various  worst-case  situations,  which  showed  that 
the  relationship  of  incident  power  density  to  internal  field  is  rela¬ 
tively  insensitive  to  small  uncertainties  in  permittivity.  A  key  aspect 
of  the  calcium-efflux  effect,  however,  its  dependence  on  modulation 
frequency  (and  its  absence  with  unmodulated  RFR),  remained  unanswered. 
Also  among  the  observations  not  yet  accounted  for  are  why  calcium  efflux 
increases  for  modulated  147-  and  450-MHz  RFR  and  decreases  for  sinusoi¬ 
dal  sub-ELF  fields,  and  why  the  phenomenon  only  occurs  within  an  ampli¬ 
tude  or  power-density  window. 

In  two  recent  studies,  Blackman  et  al.  (1985a, b)  reviewed  prior  work 
by  Blackman  and  coworkers  on  the  effects  of  fields  at  frequencies  in  the 
ELF  range  (defined  by  them  for  convenience  as  1-300  Hz)  on  calcium 
efflux  from  chick  brains  in  vitro.  Among  the  findings  were  windows  of 
frequency  and  field  intensity  within  which  calcium  efflux  was  enhanced, 
and  outside  of  which  alterations  of  calcium  efflux  were  nonsignificant. 
However,  Blackman  et  al.  (1985b)  noted  that  their  calcium-efflux  changes 
(enhancements)  were  opposite  in  direction  to  the  reductions  found  by 
Bawin  and  Adey  (1976b)  at  frequencies  in  the  same  range. 

A  major  difference  between  the  two  studies  was  the  use,  by  Bawin  and 
Adey  (1976b),  of  AC  electric  fields  only,  whereas  Blackman  et  al. 

(1985a)  used  AC  fields  having  a  magnetic  component  as  well  as  an 
electric  component.  Therefore,  Blackman  et  al.  (1985b)  hypothesized 
that  the  AC  magnetic  component  could  significantly  influence  changes  in 
calcium  efflux  and  that  a  DC  magnetic  field  such  as  the  local 
geomagnetic  field  (LGF)  might  also  have  a  role. 

The  exposure  apparatus  used  by  Blackman  et  al.  (1985b)  consisted  of  a 
transmission  line  terminated  with  a  50-ohm  load,  a  function  generator  to 
provide  an  AC  electromagnetic  field,  and  instrumentation  (Bell  Model 
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SAB4-1808  probe,  Bell  Model  640  gaussmeter,  and  Hewlett-Packard  Model 
3582A  spectrum  analyzer)  to  measure  the  frequency  and  Intensities  of  the 
field  components.  In  consonance  with  the  authors'  usage,  values  cited 
below  of  AC  electric  field  are  peak-to-peak  and  those  of  AC  magnetic 
field  are  rms.  To  obtain  an  electric  field  only,  the  50-ohm  load  was 
removed.  Specifically,  with  the  load  present  and  the  field  components 
adjusted  to  40  V/m  and  59.5  nanoteslas  (nT),  removal  of  the  load  reduced 
the  magnetic  component  to  a  residual  level  of  about  15  picoteslas  (pT). 

For  exposure  of  samples  to  either  type  of  AC  field  under  altered  LGF 
conditions,  a  pair  of  18-inch-radius  Helmholtz  coils  spaced  18  inches 
apart  was  oriented  to  produce  a  DC  magnetic  field  parallel  to  the  LGF 
(which  was  inclined  at  85  deg),  and  the  transmission  line  was  placed 
within  the  coils.  The  gaussmeter  was  used  to  set  the  desired  level  of 
DC  field  within  the  transmission  line  in  the  absence  of  samples,  and 
introduction  of  samples  did  not  change  the  level.  The  authors  assumed 
that  sample  magnetization  was  negligible,  so  the  magnetic-field  levels 
within  and  outside  tissue  were  taken  to  be  the  same. 

Sample  preparation  was  similar  to  that  used  in  previous  studies. 

Also,  in  an  endeavor  to  keep  the  procedures  invariant,  four  tubes  con¬ 
taining  chick-brain-halves  were  treated  concurrently  with  six  tubes  con¬ 
taining  equivalent  dummy  loads  (10  tubes  total)  as  in  Blackman  et  al. 
(1980b).  Field  exposures  (including  sham-exposures)  were  for  20  min  at 
37  deg  C,  with  the  corresponding  half-brains  held  at  the  same  tempera¬ 
ture  within  a  water  bath.  The  following  series  of  exposures  were  per¬ 
formed  and  the  post-treatment  assay  for  Ca-45++  in  each  field-  or  sham- 
exposed  half-brain  was  normalized  to  the  value  for  its  control  half¬ 
brain  : 

(1)  Ten  tubes  were  exposed  to  a  I6-Hz  electric  field  alone  at  6,  10,  or 
40  V/m  (peak-to-peak  in  air)  and  10  other  tubes  were  sham-exposed.  The 
exposure  at  each  level  and  the  corresponding  sham-exposure  comprised  a 
set.  Exposure  sets  for  6  and  40  V/m  were  done  eight  times  and  sets  for 
10  V/m  seven  times.  In  addition,  eight  sets  for  40  V/m  were  repeated 
eight  months  later. 

(2)  To  compare  effects  of  an  AC  electric  field  alone  with  those  of  an  AC 
electromagnetic  field,  nine  sets,  each  comprised  of  an  exposure  to  a  16- 
Hz  electric  field  at  40  V/m  and  an  exposure  to  a  16-Hz  electromagnetic 
field  at  40  V/m,  59.5  nT,  were  performed  (sham-exposures  omitted). 

(3)  A  similar  design  was  used  for  determining  the  possible  influence  of 
the  LGF  (given  as  38  microteslas,  presumably  at  the  experimental  site). 
Eight  sets  were  performed,  each  consisting  of  two  exposures  to  a  15-Hz, 
40-V/ra,  59.5-nT  field,  one  with  the  normal  LGF  present  and  the  other 
with  the  LGF  reduced  to  19  microteslas  by  the  Helmholtz  coils.  Also, 
the  eight  sets  were  repeated  one  week  later. 

(V)  Sets  of  exposures  to  a  30-Hz,  40-V/m,  59.5-nT  field,  but  for  several 
integral  and  fractional  multiples  of  the  LGF,  including  negative  values 
representing  field  reversal.  In  each  set,  comparison  was  made  of  the 
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results  for  the  altered  LGF  with  those  of  the  normal  LGF,  and  some  sets 
were  replicated  one  week  later. 

The  normalized  data  collected  for  each  series  above  were  subjected  to 
a  two-way  analysis  of  variance  for  a  replication  main  effect  and  for  a 
replication-by-exposure-group  interaction.  Neither  replication  effect 
was  found  to  be  significant,  so  a  one-way  analysis  of  variance  was  used 
to  compare  the  combined  normalized  results  for  the  different  conditions 
in  each  series. 

The  results  for  series  (1)  yielded  nonsignificant  differences  (p>0.2) 
between  field-  and  sham-exposed  sets  for  any  level  or  for  the  combined 
initial  and  repeated  40-V/m  set.  By  contrast,  Blackman  and  coworkers 
had  found  that  16-Hz  electromagnetic  fields  at  6  V/m,  8.9  nT  and  at  40 
V/m,  59.5  nT  enhanced  calcium  efflux  significantly  (p<0.05),  whereas 
Bawin  and  Adey  (1976b)  had  reported  significant  reduction  (p<0.05)  for  a 
16-Hz  electric  field  at  10  V/m. 

Direct  comparison  of  the  results  of  series  (2)  for  an  AC  electric 
field  only  vs  an  AC  electromagnetic  field  showed  that  calcium  efflux  for 
the  latter  was  significantly  larger  than  for  the  former  (p-0.011).  The 
authors  stated:  "The  data  demonstrate  that  the  AC  magnetic  component 
[59.5  nT]  must  be  present  in  the  6-  and  40-V/m  fields  to  induce  an 
enhanced  efflux." 

The  results  for  series  (3)  and  (4)  are  shown  in  Table  42,  adapted  from 
Table  3  of  the  paper: 
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TABLE  42:  MEAN  CALCIUM-EFFLUX  RATIOS 
FOR  VARIOUS  MULTIPLES  OF  THE  NORMAL  LGF 


Net 

LGF 

N 

Mean  Efflux  Ratio 

SE 

P 

For  15 

Hz: 

1. 

0 

32 

1.199 

0.054 

0. 

.  5 

32 

1.045 

0.049 

0.043* 

1. 

.0 

32 

1.236 

0.046 

0. 

.5 

32 

0.997 

0.042 

<0.001* 

For  30 

Hz: 

1. 

.0 

32 

1.040 

0.038 

2, 

.0 

32 

1.309 

0.078 

0.003* 

1, 

.0 

32 

1.048 

0.037 

1. 

.33 

32 

1.058 

0.049 

0.870 

1 

.0 

40 

1.020 

0.038 

0 

.67 

40 

1.248 

0.054 

<0.001* 

1 

.0 

32 

0.981 

0.042 

0 

.67 

28 

1.208 

0.033 

<0.001* 

1 

.0 

32 

1.041 

0.032 

-0 

.67 

32 

1.143 

0.048 

0.085 

1 

.0 

32 

1.065 

0.040 

-0 

.67 

32 

1.323 

0.068 

0.002* 

1 

.0 

32 

1.028 

0.035 

-2 

.0 

32 

1.300 

0.089 

0.006* 

1 

.0 

32 

1.002 

0.049 

-2 

.  185 

32 

1.076 

0.036 

0.226 

*Signi 

f icant 

ly  di 

.f  f  erent 

at  the  indicated  level 

from  the 

mean  for 

The  authors  stated:  "The  results  demonstrate  that  a  normally  effective 
15-Hz  signal  is  ineffective  when  the  net  density  of  the  LGF  is  reduced 
to  half  the  ambient,  and  an  ineffective  30-Hz  signal  is  effective  when 
the  net  density  is  changed  to  .67x  or  2. Ox  ambient  but  not  when  it  is 
increased  to  1.33x  or  to  2.185x  ambient ...  increased  efflux  resulted  at 
LGFs  +0.67x  ambient  and  of  +/-  2. Ox  ambient  when  compared  to  the  lack  of 
enhancement  for  ambient  conditions .. .A  slight  increase  in  the  density  of 
the  LGF  from  -2. Ox  to  -2.185x  the  ambient  was  sufficient  to  remove  the 
enhancement  conditions." 

The  results  above  with  changes  in  the  LGF  appear  to  indicate  that  the 
DC  geomagnetic  field  is  fundamentally  involved  in  alterations  of  calcium 
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efflux,  but  as  is  evident  in  the  quotation  above,  the  relation  between 
the  magnitudes  of  the  LGF  changes  and  the  presence  or  absence  of  effect, 
if  any,  is  obscure.  Also  not  clear  is  the  absence  of  effect  in  series 
(1),  in  which  the  AC  magnetic  field  was  absent  but  the  LGF  was  present, 
since  the  magnitude  of  the  normal  LGF  (38  microteslas)  is  about  600-fold 
larger  than  the  AC  magnetic  component  (59.5  nT  rms)  used  in  all  series 
except  (1).  It  seems  plausible  that  the  latter  would  have  been  swamped 
by  the  former.  Moreover,  the  negative  findings  for  series  (1)  do  not 
gainsay  the  positive  findings  of  Bawin  and  Adey  (1976b)  in  the  absence 
of  an  AC  magnetic  component. 

Dutta  et  al .  (1984)  exposed  monolayer  cultures  of  human  neuroblastoma 
cells  in  T-flasks  to  16-Hz-ampl itude-raodul ated  (80%)  915-MHz  RFR  in  a 
TEM  exposure  chamber  at  SARs  ranging  from  0.01  to  5  W/kg,  and  studied 
the  effects  of  such  exposure  on  calcium  efflux  from  the  cells.  The  SARs 
were  determined  by  measurements  of  forward,  ref lected , ' and  transmitted 
powers  with:  the  TEM  cell  empty,  empty  flasks  in  the  cell,  and  samples 
in  flasks  within  the  cell  (Dutta  et  al.,  1982). 


Human  neuroblastoma  cells  were  grown  to  confluent  monolayers  within  T- 
flasks  (25  sq  cm  of  growth  surface),  each  containing  5  ml  of  minimum 
essential  medium  (MEM)  supplemented  with  other  necessary  elements.  The 
monolayer  in  each  flask  was  then  incubated  in  5  ml  of  MEM  containing  2 
microliters  of  Ca-45++  (specific  activity  5  Ci/1)  for  1  hr  to  establish 
steady-state  calcium-ion  equilibrium  within  the  cells.  This  incubation 
period  was  selected  on  the  basis  of  preliminary  experiments  showing  (in 
Fig.  2  of  the  paper)  that  Ca-45++  uptake  rises  linearly  during  the  first 
hour  to  a  plateau,  with  no  difference  in  uptake  between  the  first  and 
second  hours.)  The  labeled  cells  were  washed  with  nonradioactive  medium 
three  times  without  disturbing  the  monolayer,  to  remove  excess  Ca-45++. 
After  washing,  6  ml  of  MEM  was  added  to  the  culture  and  mixed,  and  1  ml 
was  removed  for  determining  the  initial  radioactivity  (400-600  cpm/ral). 

One  flask  was  placed  on  each  side  of  the  center  plane  of  the  TEM  cell 
within  an  incubator  at  37  deg  C  and  exposed  for  30  min  at  0.01,  0.05, 
0.075,  0.1,  0.5,  0.75,  1.0,  1.5,  2,  or  5  W/kg.  Two  control  flasks  for 
each  exposure  were  kept  concurrently  at  37  deg  C  within  the  incubator, 
but  outside  the  TEM  cell.  Sham-exposures  were  also  conducted,  but  no 
significant  differences  in  calcium  efflux  were  found  between  control  and 
sham-exposed  cultures.  At  exposure  end,  a  1-ml  sample  of  the  medium  was 
withdrawn  from  each  flask.  For  calcium-efflux  assay,  the  1-rol  pre-  and 
post-exposure  samples  were  centrifuged  at  500g  for  1  min  to  remove  any 
cells  or  large  debris,  and  0.5  mi  of  each  supernatant  was  added  to  4  ml 
of  scintillation  cocktail  and  counted.  A  series  of  exposures  was  also 
conducted  at  0.05  W/kg  with  modulation  frequencies  between  3  and  30  Hz. 


RFR-induced  changes  of  calcium  influx  into  cells  were  also  investiga¬ 
ted.  Monolayers  were  grown  in  medium  that  contained  Ca-45++  instead  of 
normal  medium,  and  immediately  exposed  for  30  min  to  1 6-Hz-raodul ated  RFR 
at  0.05  or  0.1  W/kg,  with  similarly  grown  controls  outside  the  TEM  cell. 
After  such  treatment,  the  cells  were  washed  three  times  as  before  and 
suspended  in  0.5  ml  of  0.25  M  ethylenediaminetetracetic  acid  (EDTA)  to 
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detach  the  cells  from  the  flask  without  affecting  cell  integrity.  The 
cell  suspensions  were  then  assayed  for  radioactivity. 

The  results  for  the  series  of  exposures  at  0.05  W/kg  with  various 
modulation  frequencies  were  graphed  (in  Fig.  3  of  the  paper)  as  the 
percentage  increases  of  calcium  efflux  vs  modulation  frequency.  This 
graph  showed  a  sharp  maximum  of  about  50%  at  16  Hz,  compared  with  about 
35%  at  14  Hz  and  28%  at  18  Hz,  with  much  lower  percentages  above  and 
below  these  frequencies. 

The  calcium-efflux  results  with  16-Hz  modulated  RFR  are  shown  in  Table 
43,  adapted  from  Table  1  of  the  paper.  The  differences  between  treated 
and  control  samples  were  assessed  for  significance  by  the  two-tailed 
Student  t-test. 


TABLE  43:  EFFECTS  OF  16-HZ  MODULATION  ON  CALCIUM  EFFLUX 


SAR 

N(a) 

Control  (cpm/ml) 

Exposed  (cpm/ml) 

%  Inc 

(W/kg) 

Mean  Efflux  +/-  SE 

Mean  Efflux  +/-  SE 

0.00(b) 

6 

691  +/-  25 

689 

+  /-  20 

-0.3 

0.01 

4 

703  +/-  11 

704 

+  /-  24 

0.1 

0.05 

6 

694  +/-  33 

1074 

+/-  76** 

54.7 

0.075 

6 

627  +/-  14 

695 

+  /-  43 

10.8 

0.10 

4 

596  +/-  23 

650 

+  /-  37 

9.1 

0.50 

4 

653  +/-  22 

619 

+  /-  14 

-5.2 

0.75 

4 

653  +/-  21 

729 

+/-  16* 

11.6 

1.0 

8 

684  +/-  16 

866 

+/-  28** 

16.6 

1.5 

4 

606  +/-  23 

621 

+  /-  26 

2.5 

2.0 

6 

630  +/-  33 

733 

+  /-  36 

16.3 

5.0 

6 

665  +/-  36 

641 

+  /-  14 

-3.6 

(a)  N  -  number  of  flasks;  (b)  sham-exposure;  *p<0.05;  **p<0.001 


As  seen  above,  significant  increases  in  calcium  efflux  were  obtained 
at  0.05  and  1.0  W/kg  (both  p<0.001)  and  at  0.75  W/kg  (p<0.05)  but  not 
for  intermediate  SARs  or  those  outside  the  range  0.05-1.0  W/kg.  For 
comparison,  results  for  exposure  to  unmodulated  (CW)  915-MHz  RFR  at  0.05 
and  1.0  W/kg  are  shown  in  Table  44  (Table  2  of  the  paper): 


TABLE  44:  EFFECTS  OF  UNMODULATED  (CW)  RFR  ON  CALCIUM  EFFLUX 


SAR  N  Control  (cpm/ml) 
(W/kg)  Mean  Efflux  +/-  SE 


Exposed  (cpm/ml) 
Mean  Efflux  +/-  SE 


%  Increase 


0.05  6  633  +  /-  16 

1.0  4  o  5  +/-  20 


655  +/-  19 
833  +/-  38 


3.5 

19.8  (p<0.01) 


Regarding  the  differences  among  the  control 
stated:  "The  variations  in  calcium  ion  efflux 


values  above,  the  authors 
in  the  control  cultures 
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shown  in  Tables  1  and  2  [43  and  44]  could  be  due  to  the  minor  variation 
in  cell  numbers  and  uptake  of  Ca-45++  by  the  cells.  However,  since  the 
exposed  and  control  cultures  used  for  experiments  at  any  given  SAR  come 
from  the  same  parental  stock,  there  should  not  be  a  consistent  bias." 

The  percentage  reduction  of  Ca-45++  uptake  by  cells  exposed  to  the  16- 
Hz-modulated  RFR  at  0.05  and  0.1  W/kg  are  given  in  Table  45  (Table  3  of 
the  paper): 

TABLE  45:  EFFECTS  OF  16-HZ  MODULATED  RFR  ON  CALCIUM  UPTAKE 

SAR  N  Control  (cpra/ml)  Exposed  (cpm/ml)  X  Reduction 

(W/kg)  Mean  Uptake  +  /-  SE  Mean  Uptake  ♦  /-  SE 

0.05  4  5768  +  /-  048  5382  +  /-  027  7.0  (p<0.01) 

0.10  4  4666  +  /-  139  4875  +  /-  172 


In  summary,  the  authors  stated:  "Human  neuroblastoma  cells  in  culture 
show  similar  patterns  of  calcium  ion  efflux  at  16  Hz  AM  as  has  been 
found  in  freshly  isolated  brain  tissues  (Bawin  et  al ,  1975).  Studies 
reported  here  indicate  the  presence  of  a  narrow  range  of  absorbed  powers 
at  which  a  significant  increase  in  the  efflux  of  calcium  ions  occurs 
from  human  neuroblastoma  cells  in  culture.  Similar  intensity  regions 
for  radiofrequency  fields  were  first  noted  in  freshly  removed  chicken 
brain  by  Blackman  and  his  colleagues ...  In  the  present  studies,  although 
we  have  actually  measured  SARs  of  samples  (medium  +  cells),  the  energy 
absorbed  by  the  neuroblastoma  cells  alone  is  not  known.  Thus  it  is 
difficult  to  compare  our  results  with  the  effective  radiofrequency  power 
densities  obtained  for  chicken  brains." 

They  also  noted:  "The  present  study  reveals  that  an  unmodulated  [91 5— 
MHz]  carrier  wave  can  induce  calcium  ion  efflux  at  an  SAR  of  1  roW/g." 
(This  finding  is  contrary  to  those  of  the  chick-brain  studies). 

Lastly,  they  stated:  "The  uptake  studies  suggest  that  specific  micro- 
wave  intensities  known  to  cause  enhanced  net  efflux  of  calcium  ions  from 
prelabeled  cells  can  also  reduce  the  net  uptake  of  calcium  ions  when  the 
cells  are  exposed  during  the  labeling  period.  Because  the  exposure  time 
during  the  uptake  studies  [0.5  hr]  was  not  long  enough  for  equilibrium 
to  be  reached  [at  least  1  hr],  there  can  be  no  comparison  between  the 
uptake  and  efflux  results." 

Shelton  and  Merritt  (1981)  investigated  whether  RFR  pulses  at  repeti¬ 
tion  rates  comparable  to  the  modulation  frequencies  used  in  the  chick- 
brain  studies  would  elicit  alterations  in  calcium  efflux  from  the  rat 
brain.  After  rats  were  euthanized  by  cervical  dislocation,  their  brains 
were  excised  rapidly,  the  olfactory  bulbs  were  removed,  a  vertical  cut 
was  made  to  extract  about  one-third  of  the  cerebrum,  and  the  pia  mater 
was  removed.  In  each  experiment,  three  pairs  of  cerebral-hemisphere 
samples  were  processed  together  for  RFR-  and  sham-exposure.  Each  tissue 
sample  (about  100  mg)  was  immersed  in  4  ml  of  medium  containing  2  micro- 


curies  of  Ca-45++  within  a  50-ml  glass  beaker,  in  which  it  was  incubated 
for  20  min  at  37  deg  C.  The  bicarbonate  concentration  in  the  medium  was 
26  mM  (that  of  mammalian  cerebrospinal  fluid  instead  of  2.4  mM  in  the 
chick-brain  studies). 

Following  incubation,  samples  were  washed  once  with  1-ml  portions  of 
medium  that  was  free  of  Ca-45++,  and  were  transferred  to  clean  50-ml 
beakers  containing  2-ral  aliquots  of  the  radioactivity-free  medium  for 
RFR-  or  sham-exposure.  Because  the  Ca-45++  concentration  could  be  af¬ 
fected  by  the  extent  of  tissue  washing,  the  samples  in  one  experiment 
were  washed  with  1-ml  portions  of  radioactivity-free  medium  five  times 
instead  of  once. 

Six  beakers  containing  cerebral  samples  thus  treated  were  placed  in 
two  parallel  rows  of  three  each  below,  and  in  the  far  field  of,  a 
standard-gain  horn  within  an  anechoic  chamber.  The  exposures  in  four 
experiments  were  for  20  min  to  20-ms  pulses  of  1-GHz  RFR,  16  pps  (0.32 
duty  factor),  a  repetition  rate  analogous  to  the  16-Hz  amplitude  modula¬ 
tion  used  in  the  chick-brain  experiments;  the  average  power  densities 
were  0.5,  1.0,  2.0,  or  15  mW/sq  cm,  selected  to  search  for  the  reported 
power-density  window.  In  two  other  experiments,  samples  were  exposed 
for  20  min  to  10-ms  pulses,  32  pps  pulses  (same  duty  factor),  at  1.0  or 
2.0  raW/sq  cm.  Sham-exposures  were  conducted  in  similar  fashion  for  each 
experiment.  Four  groups  each  of  RFR-exposed  and  sham-exposed  samples 
comprised  the  population  for  each  experiment. 

In  a  seventh  experiment,  samples  washed  five  times  instead  of  once 
were  exposed  to  20-ms  pulses,  16  pps,  at  1.0  mW/sq  cm  (or  sham-exposed) 
as  in  the  second  experiment.  In  still  another  experiment  (with  samples 
washed  only  once),  the  exposure  parameters  used  were  the  same  as  in  the 
second  experiment  again,  but  the  exposure  was  interrupted  for  about  1 
min  each  after  4,  8,  and  12  min  of  exposure,  and  0.5-ml  aliquots  of  in¬ 
cubation  medium  were  taken  and  assayed  for  possible  time-dependent 
effects  and  replaced  with  fresh  medium. 

On  completion  of  exposure,  a  0.5-ml  aliquot  of  each  incubation  medium 
was  transferred  to  a  counting  vial.  The  tissue  samples  were  washed  once 
with  1-ml  portions  of  medium  free  of  Ca-45++  and  also  placed  in  counting 
vials,  to  which  2  ml  of  Soluene  was  added  for  overnight  digestion  at  37 
deg  C.  Dimilume  was  added  to  all  vials,  and  the  radioactivities  of  the 
media  and  tissue  samples  were  assayed  by  liquid  scintillation  counting. 

The  authors  defined  "efflux  value"  as  the  ratio  (in  percent)  of  the 
CPM  of  the  medium  to  the  sum  of  the  CPMs  in  tissue  and  medium,  a  measure 
of  efflux  that  differed  from  that  used  by  other  investigators,  and  the 
mean  values  (and  SDs)  were  compared  by  Student's  t-test.  The  results 
for  cerebral  tissue  from  143  rats  used  in  the  first  six  experiments 
showed  statistically  nonsignificant  (p>0.05)  differences  between  any  of 
the  mean  Ca-45++  effluxes  when  RFR-exposed  samples  were  compared  with 
their  corresponding  sham-exposed  control  samples.  The  mean  efflux 
values  for  RFR-  and  sham-exposure  in  the  seventh  experiment  (24  rats, 
five  washings  instead  of  one)  also  did  not  differ  significantly  from  one 
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another,  but  both  means  were  higher  than  those  obtained  in  the  first  six 
experiments.  The  results  of  the  time-dependence  experiment  (presumably 
24  rats  also)  showed  successive  rises  in  efflux  at  the  three  epochs,  but 
again  the  differences  in  means  for  RFR-  and  sham-exposed  samples  at 
corresponding  times  were  nonsignificant. 

Thus,  the  findings  of  Shelton  and  Merritt  (1981)  were  negative,  but, 
as  pointed  out  by  the  authors,  no  direct  comparisons  can  be  made 
between  their  results  and  those  of  the  investigators  on  chick  brains 
discussed  above  because  in  addition  to  the  difference  in  species,  the 
samples  were  actually  exposed  (with  a  duty  factor  of  0.32)  for  only  a 
third  of  the  20-min  period  (at  correspondingly  higher  peak  levels),  and 
because  the  spectral  distribution  of  energy  for  the  16-pps  repetition 
rate  differed  markedly  from  that  in  the  sidebands  for  16-Hz  amplitude- 
modulated  RFR. 

Merritt  et  al.  (1982)  performed  experiments  in  vivo  as  well  as  in 
vitro  on  possible  pulsed-RFR-induced  alterations  of  calcium  efflux  from 
the  rat  brain.  For  both  types  of  experiment,  brain  tissue  was  loaded 
with  Ca-45++  by  injection  directly  into  the  right  lateral  ventricle  of 
ether-anesthetized  male  Sprague-Dawley  rats  (175-225  g). 

In  the  in-vitro  experiments,  cervical  dislocation  was  used  to 
euthanize  the  rats  after  intraventricular  injection  of  Ca-45++.  Six 
brain-tissue  samples  excised  as  in  the  previous  study  were  exposed 
concurrently  for  20  min  to  20-ras  pulses,  16  pps,  of  1-GHz  RFR  at  1  or  10 
mW/sq  cm  ( SAR  0.29  or  2.9  W/kg)  or  of  2.45-GHz  RFR  at  1  mW/sq  cm  (SAR 
0.3  W/kg),  with  a  like  number  of  samples  sham-exposed  as  controls.  The 
incident  power  densities  at  the  sample  sites  were  measured  with  a  Narda 
Microwave  Corp.  Model  8316B  RF  monitor  and  8323  probe,  but  the  method 
for  measuring  the  SARs  of  the  samples  was  not  described. 

Although  the  radioactivities  of  the  incubation  media  and  digested  tis¬ 
sue  samples  were  assayed  by  liquid  scintillation  counting,  results  were 
not  given  in  terras  of  the  efflux  values  as  defined  in  Shelton  and 
Merritt  (1981);  instead,  the  mean  disintegrations  per  min  per  gram  of 
tissue  (DPM/g)  and  SDs  were  presented.  By  2-tailed  t-test,  the  differ¬ 
ence  in  mean  DPM/g  values  between  the  RFR-  and  sham-exposed  samples  was 
not  statistically  significant  for  any  of  the  three  exposure  conditions. 


For  the  whole-animal  exposures,  two  hours  after  the  rats  were  injected 
intraventr icularly  with  Ca-45++,  each  rat  was  gently  squeezed  between 
two  Styrofoam  sides  of  a  Plexiglass  holder  to  maintain  its  body  axis 
constant  during  exposure,  and  groups  of  12  rats  each  were  exposed  for  20 
min  to  2.06-GHz  RFR  with  long  axes  parallel  to  the  E-field.  One  group 
each  was  exposed  to  CW  at  0.5,  1.0,  5.0,  or  10.0  mW/sq  cm  and  one  group 
each  to  10-ms  pulses  at  8,  16,  or  32  pps  and  average  power  density  of 
0.5,  1.0,  5.0,  or  10.0  mW/sq  cm  (16  groups  total).  For  controls,  a  17th 
group  was  sham-exposed.  Each  rat  was  assigned  randomly  to  an  exposure 
condition,  and  exposure  conditions  were  presented  randomly  to  eliminate 
time-of-day  effects.  The  normalized  SAR,  measured  in  muscle-equivalent 
rat  models  by  calorimetry  (Allen  and  Hurt,  1979),  was  0.24  W/kg  per 
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mW/sq  cm  or  0.12,  0.24,  1.2,  and  2.4  W/kg  for  the  four  power  densities. 

After  exposure,  the  rats  were  euthanized  by  cervical  dislocation  and 
the  brains  were  quickly  removed,  rinsed  in  physiologic  medium,  blotted 
dry,  weighed,  and  solubilized  in  Soluene.  An  aliquot  of  solubilized 
tissue  of  each  rat  was  transferred  to  a  counting  vial  containing  Dimi- 
lurae  and  assayed  for  45-Ca++  by  liquid  scintillation  counting.  Statis¬ 
tical  tests  performed  on  the  17  treatment  combinations  (4x4  RFR-expo- 
sures,  1  sham-exposure)  showed  that  difference  between  the  sham  group 
and  the  combined  RFR  groups  and  the  differences  between  the  sham  group 
and  the  individual  RFR  groups  were  statistically  nonsignificant. 

A  control  series  of  experiments  was  conducted  on  12  rats  to  obtain 
baseline  Ca-45++  levels.  These  rats  were  treated  in  the  same  manner  as 
the  sham-exposed  rats,  i.e.,  they  were  injected  intraventricularly  with 
Ca-45++  and  allowed  to  stabilize  for  2  hr.  However,  their  brains  were 
assayed  immediately  after  the  2-hr  period  to  ascertain  the  amount  of  Ca- 
45++  at  the  beginning  of  the  20-min  period  used  for  the  sham-  and  RFR- 
exposed  rats.  This  experiment  yielded  a  mean  concentration  of  0.944  +/- 
0.033  (SD)  ng-atoms/g  of  brain  tissue,  whereas  for  the  12  sham-exposed 
rats,  the  mean  value  at  the  end  of  sham-exposure  was  0.659  +/-  0.156  ng- 
atoms/g,  indicating  that  there  was  a  mean  net  efflux  of  0.285  ng-atoms/g 
from  the  brain  during  the  20-min  period. 

This  paper,  like  the  previous  one,  described  an  attempt  to  decermine 
whether  changes  in  calcium  efflux  reported  to  be  induced  in  chick  brains 
by  in-vitro  exposure  to  amplitude-modulated  RFR  might  also  be  seen  in 
rats  from  in-vitro  or  in-vivo  exposure  to  pulse-modulated  waveforms.  No 
RFR-induced  calcium-efflux  changes  were  found.  However,  in  addition  to 
the  previously  noted  differences  in  species,  carrier  frequency,  and 
waveform,  there  were  others: 

1)  Loading  of  the  brain  with  Ca-45++  was  done  by  injection  into  the 
right  ventricle  of  the  brain  of  the  intact  animal,  whereas  external 
bathing  media  containing  Ca-45++  were  used  in  the  other  studies.  The 
dynamics  of  regional  uptake  of  Ca-45++  by  this  intraventricular  method 
were  not  described,  but  measurements  of  calcium  diffusion  in  the  other 
studies  indicated  that  their  reported  RFR-induced  changes  were  probably 
obtained  from  the  outer  mm  or  so  of  cortical  tissue.  Not  reported  was 
whether  the  intraventricular  technique  loaded  cortical  tissue;  indeed, 
it  is  not  clear  whether  this  technique  may  have  resulted  in  passage  of 
Ca-45++  from  the  cerebrospinal  fluid  directly  into  the  bloodstream  in 
addition  to  the  assumed  perfusion  from  cerebrospinal  fluid  into  brain 
tissue.  No  measurements  were  given  of  Ca-45++  levels  in  the  blood. 

2)  Also  not  stated  was  whether  only  the  right  cerebral  hemisphere  or 
both  hemispheres  were  used  to  provide  tissue  samples  for  the  in-vitro 
exposures.  Injection  only  into  the  right  hemisphere  might  have  provided 
asymmetrical  loading.  For  the  in-vivo  exposures,  apparently  the  whole 
brain  was  solubilized.  It  is  unclear  what  the  effect  of  any  Ca-45++ 
still  remaining  in  the  ventricular  fluid  might  have  had  on  the  liquid- 
scintillation-counting  results.  Additional  characterization  of  the 


intraventricular  technique,  originally  developed  for  injecting  tritiated 
norepinephrine  into  the  lateral  ventricle  of  the  rat,  was  required  for 
the  present  application. 

3)  As  in  the  other  in-vitro  studies,  great  variability  was  found  in  the 
liquid-scintillation-counting  results.  In  those  other  studies,  the 
technique  of  normalizing  the  results  of  an  RFR-exposed  half-brain  to  the 
results  of  a  matched,  sham-exposed  half-brain  was  used  to  reduce  the 
overall  variability.  The  Ca-45++  brain-loading  technique  used  in  the 
present  study  did  not  permit  such  normalization. 

4)  In  other  studies  (both  in  vivo  and  in  vitro),  alterations  in  calcium 
efflux  have  been  detected  as  alterations  in  the  concentration  of  Ca-45++ 
in  the  incubating  medium,  but  not  in  solubilized  brain  tissue.  In  the 
in-vitro  part  of  the  present  study,  measurements  were  made  on  samples  of 
bathing  medium  as  well  as  for  solubilized  brain  case,  but  only  results 
for  the  latter  were  given.  However,  the  control  series  of  experiments 
in  vivo  did  show  that  the  Ca-45++  concentration  in  whole  brain  decreased 
by  about  30%  during  the  20-min  exposure  period.  Under  the  experimental 
conditions  described,  such  a  decrease  could  have  occurred  by  uptake  into 
the  bloodstream  and  distribution  to  the  rest  of  the  body.  The  presence 
of  Ca-45++  in  the  blood  could  have  yielded  erroneous  readings  in  whole- 
brain  liquid-scintillation  counts,  a  possibility  that  could  be  studied 
by  perfusion  of  the  animals  with  saline  following  euthanasia. 

Adey  et  al.  (1982)  presented  results  of  a  study  of  Ca-45++  efflux  in 
vivo  from  the  cortex  of  the  paralyzed  but  awake  cat.  A  12-mm-diameter 
trephine  hole  centered  over  the  right  suprasylvian  cortex  was  drilled 
under  ether  anesthesia.  The  dura  mater  was  carefully  removed  and  a 
plastic  cylindrical  well  was  fitted  in  the  aperture  so  as  to  make  gentle 
contact  with  the  surface  of  the  pia.  Nonradioactive  physiologic  medium 
was  added  to  the  well  and  all  skin  incisions  and  pressure  points  were 
infiltrated  with  local  anesthetic.  Use  of  ether  was  then  discontinued, 
the  cat  was  paralyzed  with  gallamine  triethiodide  IV,  and  artificial 
respiration  was  maintained  with  a  tracheotomy.  The  end-tidal  level  of 
C02,  a  measure  of  the  C02  level  in  the  blood,  was  monitored  and  normally 
maintained  at  4%,  but  was  changed  during  episodes  of  hypoventilation  and 
hyperventilation  imposed  to  alter  the  state  of  arousal. 

During  recovery  from  ether  anesthesia,  the  fluid  level  in  the  well  was 
replaced  at  10-min  intervals  for  30  rain,  to  ensure  that  the  fluid  was 
clear.  Incubation  was  then  begun  with  1.0  ml  of  medium  that  contained 
20  microcuries  of  Ca-45++,  and  was  continued  for  90  min,  at  the  end  of 
which  the  fluid  was  replaced  with  nonradioactive  medium.  At  10-min 
intervals  throughout  the  remainder  of  the  experiment,  the  fluid  was 
exchanged  completely  with  fresh  medium  by  pipetting,  and  0.2-ml  aliquots 
of  each  solution  removed  were  diluted  with  Dimilume  and  assayed  for  Ca- 
45++.  All  samples  were  counted  twice,  once  during  the  experiment  and 
again  to  a  stated  accuracy  of  1%  within  24  hr. 

Twenty-three  female  cats  (2. 8-3. 6  kg)  were  used.  Starting  at 
different  times  following  completion  of  incubation  of  the  cortex  with 


Ca-45++,  the  cats  were  individually  sham-exposed  or  exposed  for  60  min 
to  450-MHz  RFR  85%  amplitude-modulated  at  16  Hz,  and  intervals  ranging 
from  80  to  120  min  were  tested  for  possible  differences  in  efflux 
patterns.  Exposures  were  done  with  a  horn  about  seven  wavelengths  long 
within  an  anechoic  chamber  maintained  at  28  deg  C  and  30-40%  relative 
humidity.  Each  cat  was  placed  in  a  plastic  stereotaxic  headholder,  with 
body  axis  at  right  angles  to  the  incident  field  and  with  the  right 
cerebral  cortex  nearest  the  RFR  source.  The  power  density  was  3.0  mW/sq 
cm,  for  which  the  electric  field  in  the  interhemispher ic  fissure  was 
found  by  Adey  et  al.  (1981)  to  be  33  V/m,  which  corresponded  to  an  SAR 
of  0.29  W/kg. 

Description  of  the  data-analysis  methods  used  was  rather  obscure.  The 
authors  indicated  that  the  relative  Ca-45++  efflux  data  taken  at  10-min 
intervals  in  the  absence  of  RFR  could  be  fitted  by  a  time-dependence 
equation  involving  the  sum  of  two  exponential  terms  (but  not  clear  was 
how  the  actual  radioactivity  data  were  normalized  to  obtain  relative  Ca- 
45++  effluxes).  Accordingly,  they  log-transformed  such  data  and  used 
linear  regression  to  obtain  an  idealized  curve  of  relative  efflux  vs 
time.  Though  not  displayed,  this  idealized  curve  was  said  to  consist  of 
two  linear  branches,  one  of  large  negative  slope  indicating  that  the 
rate  of  decrease  in  relative  efflux  during  approximately  the  first  hour 
of  successive  10-min  measurements  is  mid,  and  the  other  of  smaller 
negative  slope  showing  that  the  rate  of  relative  efflux  decrease  is  less 
rapid  during  the  remainder  of  the  measurement  period. 

The  authors  then  quantified  the  results  for  RFR-exposed  cats  in  terms 
of  the  means  of  the  relative  squared  deviations  of  experimental  data 
from  the  idealized  curve  at  the  sampling  points,  and  similarly  with  the 
results  for  sham-exposed  cats.  By  this  analysis,  the  total  variance  for 
the  preexposure  periods  was  found  to  be  the  same  for  data  from  the  RFR- 
ana  sham-exposed  animals,  but  the  total  variance  in  the  data  from  the 
RFR-exposed  cats  for  the  exposure-  and  post-exposure  period  was  higher 
than  for  the  sham-exposed  cats.  A  1-tailed  binomial  probability  test 
was  used  to  show  that  this  exposure-  and  post-exposure  increase  in 
variance  was  significant  (p<0.05),  i.e.,  that  the  results  for  the  RFR- 
and  sham-exposed  cats  were  from  statistically  different  populations. 
Experiments  with  imposed  hypoventilation  and  hyperventilation  showed 
that  the  effect  was  not  a  consequence  of  alteration  of  end-tidal  C02 
levels,  i.e.,  not  secondary  to  raised  cerebral  C02  levels. 

Next,  they  paired  experimental  curves  of  relative  Ca-45++  efflux  vs 
time  from  RFR-  and  sham-exposed  cats.  (The  pairing  criteria  used  were 
rather  involved,  but  were  designed  to  ensure  the  best  matching  of  the 
available  data.)  The  data  for  a  representative  pair  of  cats,  for  which 
RFR-  and  sham-exposure  were  initiated  90  min  into  the  measurement 
period,  were  exhibited  in  Fig.  1  of  the  paper.  By  eye,  the  average 
slopes  of  the  two  curves  were  approximately  the  same  up  to  about  the 
first  60  min  of  the  measurement  period  (corresponding  to  the  period  of 
rapid  decrease  noted  above).  Beyond  this  interval  (during  and  after 
RFR-  or  sham-exposure),  both  slopes  were  smaller  (corresponding  to  the 
lower  rate  of  decrease  above),  but  the  average  slope  for  the  RFR-exposed 


cat  was  less  negative  tnan  for  the  sham-exposed  cat  and  exhibited  cyclic 
variations  ("waves  of  increased  Ca-45++  efflux")  having  a  periodicity  of 
about  25  rain. 

No  experimental  data  for  RFR-  and  sham-exposed  animals  were  presented 
(other  than  mention  of  their  use  in  the  curve-fitting  method  as  noted 
above)  or  were  directly  compared  for  significant  differences,  and  as 
noted  previously,  no  information  on  how  the  radioactivity  data  were 
normalized  was  given.  Absence  of  such  data  seemed  to  imply  that  the 
important  difference  between  the  calcium  efflux  curves  for  the  RFR-  and 
sham-exposed  cats  was  in  the  oscillations  about  the  idealized  straight- 
line  fit  to  the  data,  and  not  between  values  themselves  at  corresponding 
measurement  times  or  their  means.  Only  amplitude  modulation  at  16  Hz 
was  used  in  this  study.  Whether  CW  or  other  modulation  frequencies 
would  also  be  effective  in  causing  the  Ca-45++  efflux  oscillations  noted 
above  is  unknown. 

In  overall  summary,  there  is  a  large  volume  of  work  by  Bawin,  Adey, 
and  coworkers,  and  by  Blackman  and  coworkers  on  changes  of  calcium 
efflux  from  chick  brain  resulting  from  in-vitro  exposure  to  various 
regimens  of  electromagnetic  fields  at  specific  frequencies  in  the  sub- 
ELF  range  and  at  50-,  147-  snd  450-MHz  RFR  carriers  sinusoidally  ampli¬ 
tude-modulated  at  specific  sub-ELF  frequencies.  Only  a  few  studies  in¬ 
volving  in-vivo  exposure  were  performed,  notably  those  of  Adey  et  al . 
(1982)  with  cats  and  of  Merritt  et  al.  (1982)  with  rats.  The  findings 
of  some  of  the  studies  are  corroborative,  those  of  others  appear  to  be 
contradictory,  and  those  of  still  others  negative  (no  effect).  Note¬ 
worthy  was  the  study  by  Dutta  et  al.  (1984),  which  yielded  a  significant 
increase  of  calcium  efflux  from  human  neuroblastoma  cells  from  in-vitro 
exposure  to  unmodulated  915-MHz  RFR  (as  well  as  for  16-Hz  modulated  RFR 
at  specific  SARs).  Thus,  the  occurrence  of  RFR-induced  calcium  efflux 
changes  may  depend  on  a  complex  function  of  incident  power  density  and 
modulation  frequency. 

Calcium  is  known  to  play  a  major  role  in  the  regulation  of  not  only 
secretion  of  neurotransmitters  by  nerve  cells,  but  also  of  proteins  by 
endocrine  and  exocrine  glandular  cells  (Schramm,  1967).  Myers  and  Ross 
(1981)  performed  a  comprehensive  and  detailed  critical  analysis  of  the 
studies  (to  that  date)  on  the  RFR-induced  calcium-efflux  phenomenon,  in 
which  they  raised  some  doubts  about  certain  aspects  of  the  methods  used, 
statistical  treatments  of  the  data,  and  interpretations  of  the  results. 
Disageement  with  their  conclusions  has  been  expressed  by  some  of  the 
researchers  who  studied  the  effect  experimentally,  with  little  if  any 
likelihood  that  the  controversy  will  be  resolved  in  the  near  future. 

In  spite  of  the  differences  in  findings  among  the  various  investiga¬ 
tors,  there  appears  to  be  substantial  common  agreement  that  the  calcium- 
efflux  phenomenon  may  be  worthy  of  further  study  to  further  elicit  the 
basic  mechanisms  of  interaction  of  electromagnetic  fields  with  biologi¬ 
cal  entities  at  the  microscopic  level,  but  that  the  effect  is  not  of 
concern  with  regard  to  possible  hazards  to  humans  from  in-vivo  exposure 
to  RFR. 
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3.4.5  CONCLUSIONS 


Many  of  the  findings  on  the  effects  of  RFR  on  the  blood-brain  barrier 
must  be  discounted  because  of  the  presence  of  significant  artifact  due 
to  the  biological  methodology  used  or  to  interpretation  of  RFR-induced 
changes  in  the  relative  sizes  of  vascular  and  extravascular  volumes  in 
the  brain  as  alterations  of  the  BBB.  In  recent  studies,  in  which  the 
occurrence  of  artifact  was  substantially  reduced  and  perhaps  rendered 
negligible,  the  results  indicate  that  RFR  can  affect  the  BBB,  but  only 
at  hyperthermic  levels. 

With  the  notable  exception  of  the  recent  work  by  Sanders  and  co¬ 
workers,  most  of  the  findings  on  histopathological  and  histochemical 
changes  in  the  nervous  system  induced  by  RFR  were  evidently  thermally 
based.  The  finding  of  Sanders  et  al.  (1985),  that  inhibition  of  res¬ 
piratory  chain  function  was  induced  by  RFR  at  levels  that  did  not  pro¬ 
duce  measurable  tissue  hyperthermia,  should  be  investigated  further. 

Until  relatively  recently,  work  on  possible  effects  of  RFR  on  EEGs  and 
evoked  responses  suffered  from  artifact  introduced  by  use  of  metallic 
electrodes,  during  exposure,  that  perturbed  or  were  perturbed  by  the 
RFR.  This  problem  was  ameliorated  greatly  by  Guy  and  coworkers,  who 
developed  high-resistance,  carbon-loaded-Tef Ion  electrodes  that  were 
tissue-compatible  and  thus  chronically- implantable,  thereby  permitting 
measurements  of  EEGs  and  evoked  responses  during  RFR  exposure  of  animals 
without  anesthesia.  When  such  electrodes  were  used,  differences  between 
responses  of  RFR-  and  sham-exposed  animals  were  nonsignificant.  Guy  and 
coworkers  also  found  that  for  rabbits,  so  often  used  for  such  studies, 
the  EEGs  and  evoked  responses  varied  considerably  among  unanesthetized 
control  animals,  as  well  as  with  time  for  individual  rabbits,  rendering 
suspect  the  findings  of  previous  investigators.  In  the  squirral-monkey 
study  by  Kaplan  et  al .  (1982),  one  of  the  few  on  RFR-induced  changes  in 
EEGs  and  visually  evoked  responses  in  primates,  metallic  electrodes  were 
used  but  the  animals  were  exposed  before  and  after  (and  not  during)  RFR- 
exposure.  No  significant  effects  of  the  RFR  were  observed. 

The  controversy  regarding  the  calcium-efflux  phenomenon  in  its  various 
manifestations  (and  apparent  contradictions)  appears  unlikely  to  be 
resolved  in  the  near  future.  However,  there  is  essentially  no  concern 
that  the  effect  is  directly  relevant  to  potential  human  hazards  of  RFR- 
exposure . 
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3.5  IMMUNOLOGY  AND  HEMATOLOGY 


Many  reports  indicated  that  RFR  has  definite  effects  on  the  mammalian 
immune  system.  Most  reported  effects  were  detected  after  exposure  at 
power  density  levels  of  about  10  mW/sq  cm  and  higher;  a  few  have  been 
detected  following  exposure  to  power  densities  as  low  as  about  0.5  mW/sq 
cm;  and  in  some  cases,  effects  obtainable  with  the  higher  power-density 
range  were  not  found  at  lower  power  densities.  In  most  of  the  studies, 
the  mechanisms  for  the  effects  seen  were  not  investigated,  and  many  of 
the  results  were  not  consistent  with  one  another.  Because  of  the  many 
complexities  of  the  immune  system  and  the  variety  of  test  procedures 
used,  the  representative  studies  discussed  in  this  section  are  grouped 
into  appropriate  categories. 

3.5.1  IN  VITRO  STUDIES 

An  important  question  is  whether  exposure  to  RFR  can  stimulate  human 
or  animal  lymphocytes  to  transform  into  lymphoblasts  (mitotically  active 
form  of  lymphocytes)  and  to  undergo  mitosis  (cell  division).  In-vitro 
studies  directed  toward  this  question  were  those  in  which  lymphocytes 
were  removed  from  the  body,  cultured,  exposed  to  RFR  (or  exposed,  then 
cultured),  and  examined  for  RFR-induced  effects.  Usually,  such  cells 
were  cultured  in  the  presence  of  a  mitogen,  an  agent  (usually  chemical) 
that  stimulates  blastic  transformation  (i.e.,  lymphocyte  to  lymphoblast) 
and  mitosis.  The  effects  of  in-vitro  exposure  of  erythrocytes  to  RFR 
were  also  studied  by  several  investigators. 

3 . 5 . 1 . 1  LEUKOCYTE  STUDIES 

One  of  the  early  studies  was  by  Stodolnik-Baranska  (1967,  1974).  In 
one  of  two  series  of  experiments,  lymphocyte  suspensions  from  peripheral 
human  blood  were  incubated  for  various  periods  and  exposed  to  2.95-GHz 
RFR  (1-microsecond  pulses,  1200  pps)  either  4  hr/day  for  3  or  5  days  at 
7  mW/sq  cm  (average  power  density)  or  15  min/day  for  3  or  5  days  at  20 
mW/sq  cm,  both  groups  without  the  mitogen  phytoheraagglut inin  (PHA).  In 
the  second  series,  PHA  was  added  and  the  following  exposures  were  done 
with  4  groups.  Specimens  of  group  1  were  exposed  at  20  mW/sq  cm  for  0, 
5,  10,  15,  20,  or  40  rain.  Those  of  group  2  were  exposed  at  7  mW/sq  cm 
for  either  3  or  4  hr.  Group  3  was  exposed  4  hr/day  for  3  days  at  7 
mW/sq  cm.  Those  of  Group  4  were  exposed  for  10  min  at  20  mW/sq  cm. 

The  author  tabulated  only  the  results  for  20  mW/sq  cm  with  PHA  (Groups 
1  and  4  of  the  second  series).  Those  for  Group  1  showed  no  significant 
changes  in  the  percentage  of  blastoid  forms,  but  a  significant  decrease 
of  the  percentage  of  lymphocytes  with  exposure  duration.  The  mitotic 
index  (MI)  for  this  group  changed  from  12. OX  for  no  exposure  to  RFR  to: 
13.7  for  5  min  of  exposure,  17.2  and  17.9  respectively  for  10  and  15 
rain,  and  23.5  and  25.0  respectively  for  20  and  40  rain.  The  author 


stated  that  similar  results  were  obtained  for  Group  2  (at  7  mW/sq  cm). 


The  results  for  Group  4  indicated  increases  in  MI  from  12.0  for  0  hr 
of  incubation  to  15.6  for  59  hr  and  to  17.0  for  64  hr  of  incubation.  MI 


decreases  to  10.2  and  11.0  were  obtained  respectively  for  70  and  71.5  hr 
of  incubation.  Also  reported  were  increases  in  chromosomal  aberrations 
with  exposure  duration  for  Group  1,  including  stickiness  of  chromosomal 
arms,  dicentrics,  hypoploidy,  hyperploidy,  and  chromatid  breaks,  with 
each  type  illustrated  by  a  micrograph.  The  author  indicated  that  the 
most  unusual  results  obtained  were  alterations  in  chromosomal  morphology 
that  suggested  changes  in  spiral izat ion . 

Regarding  exposures  of  specimens  without  PHA,  the  author  stated:  "It 
should  be  stressed  that  irradiation  of  lymphocytes  without  PHA  addition 
induces  the  appearance  of  blastoid  forms  and  macrophage-like  cells." 

The  point  was  illustrated  by  one  micrograph,  but  no  data  were  given. 

The  results  at  20  raW/sq  cm  with  PHA-containing  cultures  showed  a  trend 
toward  increase  of  mitotic  index  with  exposure  duration,  decrease  of  the 
percentage  of  lymphocytes  with  duration,  but  no  significant  changes  in 
the  percentage  of  blastoid  forms.  Thus,  it  is  difficult  to  understand 
how  the  results  suggest  that  RFR  may  have  mutagenic  effects,  as  stated 
by  the  author.  The  changes  found  may  have  been  of  thermal  origin  rather 
due  to  any  intrinsic  effect  of  RFR,  because  the  author  indicated  that 
exposure  at  20  mW/sq  cm  for  20  min  resulted  in  a  1-deg-C  rise  in  the 
cultures,  showing  that  culture  temperature  was  not  well  controlled. 

As  part  of  a  larger  study  primarily  involving  exposure  of  animals  to 
RFR  in  vivo,  preliminary  work  was  done  by  Czerski  (1975)  in  which 
cultures  of  human  lymphocyte  were  exposed  in  vitro  (power  densities  and 
durations  not  specified),  with  a  view  toward  reproducing  the  results  of 
Stodolnik-Baranska  (1974).  After  cultures  were  exposed  to  RFR  and 
incubated  for  72  hr,  the  percentage  of  blast  cells  was  determined.  In 
addition,  after  incubation  for  24  hr,  such  cultures  were  used  to  test 
for  inhibition  of  macrophage  migration  in  mouse  spleen  fragments. 
Unexposed  samples  or  samples  incubated  for  1  hr  with  PHA  served  as 
controls . 

Although  a  few  positive  results  were  obtained,  Czerski  noted  that  he 
encountered  difficulties  in  obtaining  reproducible  results.  This  work 
was  discussed  on  p.  133  of  Baranski  and  Czerski  (1976),  who  implicated 
uncontrolled  RFR-induced  temperature  increases  in  the  specimens  (which 
were  not  cooled  during  exposure).  They  stated  that:  "exposures  at  power 
densities  between  5  and  15  raW/sq  cm,  if  continued  till  the  moment  when 
the  temperature  of  the  medium  attained  38  deg  C,  could  induce  lympho- 
blastoid  transformation;  no  such  phenomenon  could  be  obtained  by 
exposure  below  5  mW/sq  cm." 

Szmigielski  (1975)  exposed  suspensions  of  rabbit  granulocytes  in  thin- 
wall  plastic  tubes  to  far-field  3-GHz  CW  RFR  at  1  or  5  mW/sq  cm  for  15, 
30,  or  60  min  in  an  anechoic  chamber.  The  suspension  temperatures  were 
checked  before  and  after  exposure.  Control  suspensions  were  stored  in  a 
separate  chamber  at  room  temperature.  In  some  suspensions,  the  dead 
cells  were  then  stained  with  nigrosine  and  counted  for  percentages  by 
light  microscopy;  in  others,  the  live  cells  were  stained  with  neutral 
red  and  j anus  green  B  and  counted  by  phase-contrast  microscopy.  Also 


determined  in  supernatants  after  centrifugation  of  suspensions  were  the 
acid  phosphatase  and  lysozyme  activities  (by  one  type  of  granule  inside 
granulocytes)  and  the  alkaline  phosphatase  and  lysozyme  activities  (by 
another  type  of  granule  within  granulocytes) 

The  author  indicated  that  suspension  temperature  was  not  altered  by 
exposure  at  either  power  density,  and  that  nevertheless,  suspensions 
exposed  at  5  mW/sq  cm  for  30  or  60  min  exhibited  higher  percentages  of 
dead  cells  than  either  controls  or  those  exposed  at  1  mW/sq  cm.  Also, 
numerous  vacuoles  stained  with  neutral  red  were  visible  under  phase- 
contrast  microscopy  in  cells  exposed  to  5  mW/sq  cm  for  30  or  60  min  (but 
no  vacuoles  stained  with  j anus  green  B  were  detected).  Liberation  of 
acid  phosphatase  and  lysozyme  from  granulocytes  was  observed  in  cells 
exposed  to  either  power  density  and  exhibited  time-  and  dose-dependence. 
Suspensions  exposed  at  5  mW/sq  cm  for  60  min  yielded  acid  phosphatase 
and  lysozyme  activities  of  about  90%  and  85%  relative  to  controls,  but  a 
total  alkaline  phosphatase  activity  of  only  35%.  At  1  mW/sq  cm,  only 
acid  phosphatase  and  lysozyme  activities  were  observed.  Thus,  the  two 
granular  species  reacted  differently  to  RFR  exposure.  Szmigielski  et 
al.  (1975a)  reported  effects  of  RFR  on  granulocytes  of  rabbits  exposed 
in  vivo,  as  discussed  in  Section  3.5.3. 

Mayers  and  Habeshaw  (1973)  prepared  monolayer  cultures,  on  cover- 
slips,  of  mouse  macrophages  that  were  continuously  perfused  with  sus¬ 
pensions  of  human  erythrocytes  and  exposed  them  to  2.45-GHz  RFR  at  50 
mW/sq  cm  in  a  section  of  waveguide  terminated  with  a  water  load,  under 
strict  control  of  culture  temperature.  The  authors  reported  that  the 
exposed  cultures  exhibited  depressed  erythrophagocytosis  compared  with 
unexposed  control  cultures.  However,  the  data  presented  were  sparse  and 
the  statistical  treatment  thereof  was  obscure. 

Smialowicz  (1976)  prepared  suspensions  of  mouse-spleen  cells  and 
exposed  them  to  2.45-GHz  CW  RFR  at  10  mW/sq  cm  (SAR  about  19  W/kg)  for 
1,  2,  or  4  hr.  Similar  cell  suspensions  held  at  37  deg  C  (without  RFR 
exposure)  for  the  same  periods  served  as  controls.  Specimens  after  each 
treatment  were  cultured  with  or  without  one  of  four  different  mitogens 
(including  PHA).  Although  changes  in  the  extent  of  blastic  transforma¬ 
tion  with  exposure  duration  were  seen,  there  were  no  statistically  sig¬ 
nificant  differences  between  corresponding  values  for  each  duration  from 
RFR-exposed  and  control  specimens.  This  was  true  both  for  specimens  not 
stimulated  with  mitogen  and  for  those  stimulated  with  any  of  the  four 
mitogens.  Also  measured  were  the  temperature  and  percentage  viability 
of  the  specimens  immediately  after  each  treatment,  and  no  significant 
differences  were  found  between  RFR-exposed  and  control  specimens  for 
each  treatment  period. 

Hamrick  and  Fox  (1977)  exposed  rat  lymphocyte  cultures  with  and 
without  PHA  to  far-field  2.45-GHz  CW  RFR  at  5,  10,  or  20  mW/sq  cm  (0.7, 
1.4,  or  2.8  W/kg)  for  4,  24,  or  44  hr  and  monitored  lymphocyte-to-lym- 
phoblast  transformation  by  the  uptake  of  tritiated  thymidine.  The 
differences  in  thymidine  uptake  between  PHA-st imulated  and  nonstimula- 
ted  cultures  were  large  at  each  exposure  level  and  duration,  but  the 


345 


differences  between  RFR-exposed  and  control  cultures  in  each  case  were 
nonsignificant . 

Roberts  et  al .  (1983)  concurrently  sham-exposed  and  exposed  cultures 
of  human  mononuclear  leukocytes  to  2.45-GHz  CW  RFR  for  2  hr  at  0.5  to  4 
W/kg  in  a  waveguide  system  within  an  incubator  (Lu  et  al.,  1981a).  The 
upper  SAR  was  chosen  because  it  is  the  basis  (with  a  safety  factor  of 
0.1)  for  the  1982  American  National  Standards  Institute  guideline  for 
human  exposure  to  RFR  (ANSI,  1982).  No  attempt  was  made  to  remove  any 
heating  due  to  the  RFR.  Other  cultures  external  to  the  waveguide  system 
served  as  controls.  The  cultures  were  then  incubated  at  37  deg  C  and 
assessed  for  percentage  viability  by  their  ability  to  exclude  trypan 
blue  dye  and  ethidium  bromide  on  days  1  through  7  after  treatment.  The 
mean  percentage  viability  decreased  (nonmonotonically)  with  time  after 
treatment  for  all  three  groups,  but  the  postexposure  differences  between 
the  group  exposed  at  4  W/kg  and  the  other  groups  were  not  significant. 
Similar  results  (not  shown)  were  obtained  at  the  lower  SARs. 

Roberts  et  al .  (1983)  also  stimulated  control,  sham-exposed,  and  RFR- 
exposed  leukocyte  cultures  with  PHA  and  assayed  them  daily  for  DNA,  RNA, 
and  total  protein  synthesis  by  cellular  uptake  of  tritiated  thymidine, 
uridine,  and  leucine.  Unstimulated  cultures  were  similarly  assayed. 
There  were  no  significant  differences  between  the  unstimulated  group 
exposed  at  4  W/kg  and  the  other  two  unstimulated  groups  or  among  the 
three  groups  stimulated  with  an  optimal  PHA  concentration.  Similar 
results  were  obtained  for  suboptimal  PHA  concentrations  and  lower  SARs. 

These  authors  also  measured  the  spontaneous  production  of  interferon 
by  RFR-exposed,  sham-exposed,  and  control  cultures;  their  production  of 
influenza-virus-induced  alpha-interferon;  and  their  production  of  PHA- 
induced  gamma- interferon ,  at  1  and  3  days  after  induction.  Spontaneous 
production  of  interferon  did  not  occur.  By  24  hr,  virtually  all  of  the 
virus- induced  alpha- interferon  was  present  in  the  group  exposed  at  4 
W/kg  and  in  the  other  two  groups,  with  no  significant  differences  among 
the  three  groups.  PHA-induced  gamma-interferon,  usually  produced  by  48- 
72  hr,  was  not  detected  at  24  hr,  but  was  present  by  72  hr  in  all  PHA- 
induced  cultures,  with  no  significant  differences  among  the  RFR,  sham, 
and  control  groups. 

Lin  and  Peterson  (1977)  exposed  suspensions  of  human-skin  fibroblasts 
(two  lines)  and  human  lymphoblasts  (two  lines)  to  2.45-GHz  CW  RFR  for  15 
min  at  10  to  500  mW/sq  cm  in  a  special  fluid-filled  waveguide  system 
(Lin,  1976c)  in  which  the  fluid  of  the  system  was  maintained  at  37  deg 
C.  Corresponding  SARs  ranged  from  24  to  1200  W/kg,  with  no  measurable 
temperature  rise  in  the  suspensions.  For  comparisons,  some  suspensions 
were  sham-exposed  and  others  (controls)  were  not  placed  in  the  exposure 
system.  After  treatment  and  incubation  in  growth  medium  for  6  days,  the 
viable  fraction  of  cells  was  determined  for  each  suspension  with  trypan 
blue.  There  were  no  significant  differences  in  viability  among  the 
control,  sham,  and  RFR  groups.  The  authors  surmised  that  RFR-induced 
effects  on  cell  suspensions  reported  by  other  investigators  might  have 
been  due  to  local  temperature  increases  despite  precautions  to  avoid 
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such  increases. 


Lin  et  al.  (1979a)  prepared  suspensions  of  colony-forming-units-in- 
culture  (CFU-c)  bone-marrow  cells  from  mice  and  sham-exposed  or  exposed 
such  suspensions  to  2.45-GHz  RFR  for  15  rain  in  the  same  system  at  30  to 
1000  mW/sq  cm  (60  to  2000  W/kg).  Immediately  after  treatment,  there 
were  no  significant  differences  in  the  numbers  of  viable  cells  from 
sham-exposed  suspensions  and  suspensions  exposed  at  500  mW/sq  cm  (1000 
W/kg).  Cell  samples  were  then  treated  with  a  colony-stimulating  factor, 
were  permitted  to  grow  in  an  appropriate  medium,  and  were  examined  on 
days  5,  6,  or  7  and  12,  13,  or  14  after  exposure.  For  samples  examined 
on  days  5-7,  no  significant  differences  were  found  between  the  number  of 
colonies  from  sham-exposed  samples  and  from  the  samples  exposed  at  30 
mW/sq  cm  (60  W/kg).  However,  at  higher  power  densities,  the  ratio  of 
the  number  of  colonies  from  RFR-exposed  to  sham-exposed  samples  was 
found  to  decrease  with  increasing  power  density.  Similar  results  were 
obtained  for  days  12-14. 

Harrison  et  al.  (1980)  determined  the  survival  rates  (the  colony-form¬ 
ing  abilities)  of  Chinese-hamster-ovary  (CHO)  cells  heated  to  43,  44, 
and  45  deg  C  and  of  bacterial  cells  (Serratia  marcesens)  heated  to  48, 
49,  and  50  deg  C  within  a  fluid-filled  waveguide  exposure  chamber  simi¬ 
lar  to  that  of  Lin  (1976c).  Heating  was  done  in  the  absence  of  RFR  and 
with  the  addition  of  2.45-GHz  pulsed  RFR  (0.01  duty  cycle)  at  up  to  550 
mW/sq  cm  average  power  density  for  5-60  min.  Exposure  at  550  mW/sq  cm 
yielded  a  0.37-deg-C  incremental  temperature  rise  in  the  specimens. 
Following  each  treatment,  specimens  of  CHO  cells  were  planted  and  incu¬ 
bated  in  growth  medium  at  37.5  deg  C  for  about  1  week,  after  which  the 
surviving  colonies  were  counted.  For  each  treatment  temperature  with 
and  without  RFR,  linear  regression  analysis  was  done  on  the  semilog  of 
the  survival  fraction  (relative  to  controls)  vs  treatment  duration. 
Bacteria  samples  for  each  treatment  were  planted  on  agar  and  incubated 
overnight  at  37.5  deg  C,  after  which  the  survival-fraction  data  were 
similarly  analyzed. 

For  the  CHO  cells,  the  slopes  of  the  regression  lines  for  45  deg  C 
(with  RFR,  presumably  at  550  mW/sq  cm,  and  in  its  absence)  were  far 
steeper  than  those  for  43  deg  C  (indicating  significantly  higher 
survival  rates  at  the  lower  temperature).  At  each  temperature,  the 
slope  for  the  RFR-exposed  cells  was  slightly  but  significantly  steeper 
than  for  those  not  exposed.  The  authors  ascribed  this  slope  difference 
to  the  incremental  temperature  increase  from  the  RFR.  The  results  for 
the  bacteria  at  48  and  50  deg  C  were  qualitatively  similar  to  those  for 
the  CHO  cells,  but  the  slope  difference  between  RFR  and  non-RFR  plots  at 
each  temperature  was  not  significant. 

In  an  investigation  similar  to  that  of  Lin  et  al.  (1979a),  Ottenbreit 
et  al.  (1981)  sham-exposed  or  exposed  bone-marrow  specimens  from  chil¬ 
dren  with  acute  leukemia  in  remission  or  other  disorders  at  31,  62,  125, 
250,  500,  or  1000  mW/sq  cm  (62-2000  W/kg)  for  15  min.  As  before,  the 
fluid  of  the  exposure  system  was  held  constant  at  37  deg  C.  In  this 
study,  the  sample  colonies  from  each  treatment  were  stained  to  determine 
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the  subpopulations  of  cells. 


It  was  found  that  irrespective  of  sham-  or  RFR  exposure  at  any  of  the 
power  densities,  the  cell  colonies  consisted  of  86-90Z  pure  neutrophils, 
with  the  remainders  consisting  of  macrophages  (0-3Z),  mixtures  of 
neutrophils  and  macrophages  (7-10Z),  and  unclassif iable  cells  (1-2X). 
Cells  treated  with  a  colony-stimulating  factor  and  grown  were  examined 
on  days  6-7  and  12-14.  The  variations  of  the  data  among  the  series  of 
experiments  performed  under  each  set  of  conditions  were  large.  For  this 
reason,  presumably,  results  were  expressed  as  the  ratio  of  mean  numbers 
of  colonies  from  RFR-exposed  specimens  to  mean  numbers  of  colonies  from 
sham-exposed  specimens  in  each  series.  For  either  examination  period, 
the  results  showed  no  significant  reductions  in  this  ratio  for  those 
exposed  at  31  or  62  mW/sq  cm  (62  or  124  W/kg).  Above  the  latter  power 
density,  the  ratio  tended  to  decrease  with  increasing  power  density. 

To  ascertain  whether  the  ratio  reductions  were  due  to  specimen  heating 
by  the  RFR,  one  set  of  experiments  was  performed  at  1000  mW/sq  cm  (2000 
W/kg)  with  the  fluid  of  the  exposure  system  held  at  7,  22,  or  37  deg  C, 
and  another  set  at  37  or  41  deg  C.  Reductions  in  ratio  were  obtained 
irrespective  of  the  fluid  temperature,  a  possible  indication  that  the 
effect  was  not  due  to  specimen  heating  by  RFR  exposure.  However,  the 
results  for  the  two  sets  at  37  deg  C  were  inconsistent:  for  the  data 
taken  at  this  temperature  on  days  6-7,  the  ratios  for  the  first  and 
second  sets  differed  considerably  from  one  another,  possibly  indicating 
the  presence  of  uncontrolled  experimental  factors. 

Cain  et  al.  (1981)  labeled  hamster  PARA-7  fibrosarcoma  cells  with  the 
tracer  Cr-51  and  heated  cell  suspensions  for  30  to  180  min  to  specific 
temperatures  (+/-  0.1  deg  C)  in  the  range  37  to  44  deg  C  in  a  controlled 
water  bath  or  they  exposed  cell  suspensions  to  2.45-GHz  CW  RFR  at  100 
mW/sq  cm  (105  W/kg)  in  a  saline-cooled  arrangement  within  an  anechoic 
chamber.  Following  such  treatments,  the  spontaneous  release  of  Cr-51  in 
the  supernatants  vs  treatment  duration  were  determined  by  scintillation 
counting.  Although  Cr-51  release  increased  with  treatment  duration  and 
temperature,  the  differences  between  RFR-exposed  and  water-bath-heated 
specimens  maintained  at  the  same  temperature  for  the  same  durations  were 
not  significant. 

Cain  et  al.  (1981)  also  studied  the  effect  of  heating  suspensions  of 
Cr-51-labeled  PARA-7  cells  to  various  temperatures  for  various  durations 
in  the  presence  and  absence  of  RFR,  on  the  toxicity  of  antibody-comple¬ 


ment  (Ab-C)  to  such  cells.  Two  methods  were  used.  In  one,  cell  suspen¬ 
sions  reacted  with  Ab-C  were  heated  (with  and  without  RFR  present)  and 
assayed  subsequently  for  Cr-51  release,  such  release  being  a  measure  of 
cell-membrane  disruption.  In  the  other,  the  colony-forming  (CF)  effi¬ 
ciencies  of  cell  suspensions  reacted  with  Ab-C  were  determined  after 
heating  (in  the  presence  and  absence  of  RFR),  to  ascertain  the  extent  to 
which  the  treatment  reproduct ively  inactivated  cells  without  affecting 
membrane  integrity.  Both  methods  results  indicating  that  loss  of  cell 
viability  and  sensitization  to  Ab-C  cytotoxicity  were  dependent  on 
temperature  and  treatment  duration,  but  again,  there  were  no  significant 
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differences  between  RFR-exposed  and  water-bath-heated  specimens  main¬ 
tained  at  the  same  temperature  for  the  same  durations.  However,  the  CF 
method  proved  to  be  far  more  sensitive  than  the  Cr-51-release  method. 

Lyle  et  al.  (1983)  studied  the  effects  of  amplitude-modulated  RFR  at 
1.5  mW/sq  cm  (SAR  not  stated)  on  the  allogeneic  cytotoxicity  of  the 
murine  CTLL-1  T-lymphocyte  line  for  H-2d  B  lymphoma  MPC-11  cells.  In  a 
series  of  5  experiments  (6  replicates  each),  cytotoxicity  assays  were 
performed  by  gamma  counting  for  4  hr  of  specific  mixtures  of  target 
cells  labeled  with  Cr-51  and  effector  cells  in  the  presence  of  450-MHz 
RFR  amplitude-modulated  at  60  Hz.  Such  RFR  exposure  resulted  in  mean 
inhibition  of  17-24X  of  the  cytotoxicities  observed  in  the  respective 
controls  for  each  experiment.  Similar  suppression  percentages  (15-25X) 
were  observed  in  4-hr  assays  performed  in  the  absence  of  RFR  but  in 
which  the  effector  cells  had  been  exposed  to  the  RFR  for  4  hr  before 
mixing  them  with  the  target  cells,  a  result  that  led  the  authors  to 
surmise  that  the  changes  in  cytotoxicity  were  due  to  actions  of  the  RFR 
on  the  effector  cells.  Lyle  et  al.  (1983)  also  exposed  effector  cells 
to  the  RFR  for  4  hr  and  performed  the  4-hr  assays  (in  the  absence  of  the 
RFR)  at  1,  4,  9,  and  12.5  hr  after  exposure.  They  obtained  respectively 
20X,  13X,  12X,  and  no  inhibition  at  these  intervals. 

Last,  Lyle  et  al.  (1983)  performed  similar  4-hr  cytotoxicity  assays  in 
the  presence  of  RFR  that  was  modulated  at  0  (unmodulated),  3,  16,  40, 

80,  and  100  Hz  and  compared  the  results  with  those  obtained  with  60  Hz. 
Inhibition  was  negligible  with  unmodulated  RFR,  was  maximal  with  60  Hz, 
and  was  significant  (but  smaller)  with  80  and  100  Hz. 

Sultan  et  al .  (1983a)  investigated  the  effects  of  combined  in-vitro 
RFR-exposure  and  hyperthermia  on  the  ability  of  normal  B-lymphocytes  to 
cap  surface  immunoglobulin  (Ig)  following  the  binding  of  specific  anti- 
Ig  molecules.  They  exposed  suspensions  of  normal  mouse  B- lymphocytes  at 
temperatures  of  37,  41,  and  42.5  deg  C  to  2.45-GHz  CW  RFR  for  30  min  at 
power  densities  of  5,  10,  25,  50,  and  100  mW/sq  cm  (2.25,  4.5,  11.25, 
22.5,  and  45  W/kg).  Control  suspensions  at  each  temperature  were  sham- 
exposed  concurrently  with  the  RFR  suspensions.  After  treatment,  the 
exposed  cells  and  the  unexposed  controls  were  incubated  at  4  deg  C  for 
10  min  with  fluorescein-isothiocyanate-labeled  goat  anti-mouse  Ig  (FITC- 
anti-Ig)  to  permit  antibody  binding  to  surface  Ig  and  were  transferred 
to  a  37-deg-C  environment  for  9  min  to  allow  antigen-antibody  capping  to 
occur.  Fluorescence  microscopy  was  then  used  to  test  the  preparations 
for  capping. 

Capping  was  seen  in  more  than  90X  of  the  cells  heat-treated  at  37  deg 
C,  but  in  less  than  60X  of  those  treated  at  41  deg  C  and  in  less  than  5X 
of  those  treated  at  42.5  deg  C.  The  authors  concluded  that  the  mech¬ 
anisms  responsible  for  inhibition  of  capping  in  their  experiments  are 
thermal  in  origin,  with  no  apparent  effects  of  2.45-GHz  CW  RFR  if  RFR- 
exposed  and  control  samples  are  held  at  the  same  temperature. 

Sultan  et  al.  (1983b)  reported  similar  results  with  cell  suspensions 
exposed  for  30  min  to  147-MHz  RFR  amplitude  modulated  at  9,  16,  or  60 


Hz.  The  average  power  density  ranged  from  0.1  to  48  raW/sq  cm  (0.004-2.0 
W/kg).  Again,  capping  inhibition  increased  with  temperature  and  no 
significant  differences  were  obtained  between  RFR-exposed  and  control 
specimens  held  at  the  same  temperature.  These  authors  also  found  that 
for  temperatures  not  exceeding  42  deg  C,  cytotoxicity  and  capping 
returned  to  normal  levels  2  hr  after  heat  treatment. 

Liburdy  and  Wyant  (1984)  used  liquid  gel  chromatography  (LGC)  to  study 
whether  RFR  would  affect  the  separation  of  immunoglobulin  (Ig)  and  of  T- 
and  B-lymphocytes ,  based  on  the  hypothesis  that  the  field  might  alter 
the  orientation  of  dipolar  molecules  as  they  diffuse  through  the  column. 
Human  serum  was  fractionated  into  IgM,  IgA,  and  IgG  classes  with  an  as¬ 
cending  LGC  column  between  a  vertical  pair  of  plates  that  provided  a  10- 
MHz  electric  field  perpendicular  to  the  column.  This  frequency  was  se¬ 
lected  because  it  corresponds  to  the  rotational  relaxation  time  for 
large  freely  diffusing  macromolecules  in  solution.  The  field  intensity 
used  was  8500  V/m,  which  yielded  an  estimated  field  of  20.5  V/m  in  the 
gel  core.  By  calculation,  the  SAR  was  less  than  or  equal  to  0.13  W/kg. 
With  the  geometry  and  flow  rate  used,  complete  fractionation  required 
about  6  hr.  Temperature  rises  within  the  column  did  not  exceed  0.05  deg 
C.  For  reference  data,  LGC  was  performed  before  and  after  exposure  of 
the  column  to  the  field.  The  IgM,  IgA,  and  IgG  peaks  in  the  elution 
profiles  (absorbency  vs  effluent  volume)  obtained  in  the  presence  of  the 
field  were  all  shifted  toward  lower  effluent  volumes  relative  to  the 
peaks  in  the  absence  of  the  field.  This  shift  also  occurred  for  a  serum 
albumin  peak  that  appeared  after  IgG  elution. 

Liburdy  and  Wyant  (1984)  also  investigated  whether  RFR  would  affect 
the  separation  of  Ig-bearing  (Ig+)  lymphocytes  from  Ig-  lymphocytes  by 
immunoaf f inity  cell  chromatography  (ICC),  a  method  that  is  based  on  the 
immunospec if ic  binding  of  Ig+  cells  to  Ig-derivatized  agarose  beads. 

They  hypothesized  that  a  2.5-GHz  RFR  field  might  alter  bound  water  and 
dipolar  amino  acid  side  chains  involved  in  cell  surface  interactions. 
Suspensions  of  mouse  spleen  cells  99X  free  of  erythrocytes  were  loaded 
onto  vertical  ICC  columns  of  Ig-derivatized  agarose  beads  and  exposed  to 
horizontally  polarized  far-field  RFR  at  10  raW/sq  cm  (194  V/m),  which 
yielded  an  SAR  of  0.117  W/kg.  During  the  15  rain  needed  for  lymphocyte 
separation,  no  temperature  excursions  exceeding  0.03  deg  C  were  found. 
For  reference  data,  ICC  columns  were  sham-exposed.  Three  successive  ICC 
separations  were  made.  The  first  served  to  collect  non-absorbed  (Ig-) 
cells,  yielding  a  fraction  that  contained  T-lyraphocytes .  The  second 
separation  was  an  intermediate  wash  that  yielded  a  fraction  containing 
relatively  few  cells  because  the  Ig+  cells  remained  bound  to  the  agarose 
beads.  The  third  separation  served  to  displace  the  bound  Ig+  cells 
(fraction  3).  Each  fraction  was  assayed  for  Ig+  cells  ( B- lymphocytes ) , 
theta-*-  cells  (T-lymphocytes) ,  and  Ig-  and  theta-  cells  (null  cells),  and 
the  fractions  obtained  from  each  separation  were  summed  by  cell  class. 

For  the  RFR-  and  sham-exposed  columns,  fraction  1  consisted  mostly  of 
theta-*-  and  null  cells;  the  percentages  were  36.1  and  35.3  for  theta-*- 
cells,  respectively,  and  were  26.4  and  28.0  for  null  cells;  in  either 
case,  the  difference  was  not  significant.  The  corresponding  percentages 
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of  Ig+  cells  in  this  fraction  were  respectively  only  3.1  and  1.2,  but 
the  difference  was  significant.  By  contrast,  the  respective  percentages 
of  Ig+  cells  in  fraction  2  were  only  5.3  and  1.1  (a  difference  that  was 
significant),  but  were  larger  than  for  the  other  classes,  1.6  and  1.4 
for  theta+  cells,  and  1.7  and  1.3  for  null  cells  (both  nonsignificant 
differences).  As  expected,  fraction  3  contained  the  largest  percentages 
of  Ig+  cells,  23.0  and  28.8  for  the  RFR  and  sham  cases,  respectively,  a 
significant  difference.  The  corresponding  values  were  1.1  and  1.3  for 
the  theta+  cells  and  2.0  and  1.2  for  the  null  cells  (both  differences 
nonsign if icant) . 

The  authors  concluded  that  RFR  at  levels  below  the  0.4-W/kg  basis  for 
the  1982  American  National  Standards  Institute  guide  for  human  exposure 
to  RFR  (ANSI,  1982)  can  accelerate  the  elution  of  immunoglobulins  by  LGC 
and  can  reduce  the  immunospecif ic  adsorption  of  B-lymphocytes  during 
ICC,  but  they  expressed  caution  regarding  extrapolation  of  such  in-vitro 
results  to  in-vivo  exposures. 

Cleary  et  al.  (1985)  exposed  samples  of  rabbit  peritoneal  neutrophils 
to  100-MHz  CW  RFR  for  30  or  60  min  at  field  strengths  ranging  from  250 
to  410  V/m  (120  to  341  W/kg)  or  for  60  min  to  100-MHz  RFR  95X  amplitude- 
modulated  at  20  Hz  (331  W/kg),  within  a  temperature-controlled  coaxial 
exposure  chamber  (Guy,  1977).  For  controls,  they  sham-exposed  other 
samples  and  held  still  others  concurrently  outside  the  exposure  chamber 
at  the  same  temperature  as  the  sham-exposed  samples.  The  results  showed 
that  the  viability  and  phagocytotic  ability  of  the  neutrophils  were  not 
affected  by  such  RFR  exposures,  i.e.,  no  significant  differences  were 
found  among  the  groups  for  each  exposure  regimen.  These  negative  find¬ 
ings  are  questionable,  however,  because  of  the  relatively  large  vari¬ 
abilities  among  the  two  control  groups  in  each  case,  an  indication  of 
the  possible  presence  of  uncontrolled  non-RFR  factors. 

3. 5. 1.2  ERYTHROCYTE  STUDIES 

In  a  study  by  Peterson  et  al.  (1979),  suspensions  of  rabbit  red  blood 
cells  (RBCs)  were  conventionally  heated  ("CH"  groups)  or  heated  with  RFR 
("MWH"  groups),  the  latter  with  2.45-GHz  RFR  at  10  to  140  mW/sq  cm  (46- 
644  W/kg)  or  with  RFR  in  selected  0.5-GHz  swept-f requency  regions  in  the 
12.5-18  GHz  range  at  31  to  124  mW/sq  cm  (SARs  not  stated).  The  sample 
temperatures  were  monitored  continuously  with  a  nonperturbing  liquid- 
crystal,  optic-fiber  temperature  probe.  Following  either  treatment,  the 
samples  were  examined  for  loss  of  hemoglobin  (Hb)  and  potassium  ions 
(K+).  In  all  experiments,  MWH  groups  were  directly  compared  with  CH 
groups  at  corresponding  temperatures  and  with  RBCs  maintained  at  room 
temperature  ("RT"  groups). 

For  RBCs  warmed  only  to  3.7  deg  C  above  room  temperature  by  2.45-GHz 
RFR  at  10  mW/sq  cm  (46  W/kg)  or  by  conventional  heating  for  45  min,  no 
additional  Hb  or  K+  was  released  into  the  supernatant.  By  contrast, 
when  RBCs  were  rapidly  warmed  from  room  temperature  to  37  deg  C  by 
either  technique,  the  heated  erythrocytes  lost  significantly  more  of 
both  Hb  and  K+  than  RBCs  maintained  at  room  temperature.  In  addition, 


RBCs  warmed  to  41.5  deg  C  by  either  technique  lost  far  more  Hb  and  K+ 
than  those  warmed  to  37  deg  C. 

Groups  of  RBC  samples  were  also  heated  from  room  temperature  (21-24 
deg  C)  to  37  deg  C  by  exposure  to  each  of  the  0 . 5-GHz-wide  swept-fre- 
quency  bands  in  the  Ku  region  at  124  mW/sq  cm,  and  were  held  at  37  deg  C 
by  exposure  at  31  raW/sq  cm.  As  before,  CH  and  RT  groups  were  used  for 
comparison.  For  each  band,  the  differences  between  the  MWH  and  CH 
groups  for  each  endpoint  were  not  significant  and  the  means  for  both 
groups  were  significantly  larger  than  for  the  RT  group.  There  were  also 
apparently  significant  interband  differences  among  the  various  MWH 
groups  for  each  endpoint,  but  these  differences  probably  were  not  RFR- 
related  because  similar  differences  were  evident  for  the  CH  and  RT 
comparison  groups  for  each  band. 

In  all  experiments,  Hb  and  K+  were  lost  in  equal  amounts  by  RFR-heated 
and  conventionally-heated  erythrocytes  warmed  at  the  same  rate  to  the 
same  final  temperature.  Thus,  at  all  the  frequencies  and  power  levels 
tested,  the  increased  losses  of  either  Hb  or  K+  from  RFR-exposed  RBCs 
were  ascribed  to  thermal  effects  on  the  stability  and/or  permeability  of 
the  erythrocyte  membrane,  with  a  threshold  well  above  46  W/kg . 

The  authors  noted  that  their  results  were  in  agreement  with  those  of 
Liu  et  al.  (1979),  who  reported  no  significant  differences  in  loss  of  Hb 
or  K+  from  rabbit  RBCs  heated  to  37  deg  C  by  2.45-,  3-,  or  3.95-GHz  RFR 
or  conventional  techniques,  and  with  similar  results  of  Hamrick  and 
Zinkl  (1975)  with  2.45-  and  3  GHz  and  conventional  heating.  However, 
the  authors  indicated  that  their  findings  differed  from  those  of 
Baranski  et  al.  (1971,  1974)  and  Ismailov  (1971),  who  reported  increased 
hemolysis  and  efflux  of  K+  from  rabbit  RBCs  exposed  to  1-  or  3-GHz  RFR 
at  power  densities  as  low  as  1  mW/sq  cm. 

Peterson  et  al.  (1979)  also  heated  groups  of  samples  of  human  RBCs  to 
37  deg  C  by  exposure  to  2.45-GHz  RFR  at  90  mW/sq  cm  (412  W/kg)  for  8  min 
and  held  them  there  for  37  min  by  exposure  at  30  mW/sq  cm  (137  W/kg). 
Unlike  the  results  for  rabbit  RBCs,  no  significant  differences  among  the 
MWH,  CH,  and  RT  groups  were  obtained  in  either  hemolysis  (about  0.6X)  or 
K+  release  (about  6X).  Absence  of  hemolysis  and  K+  release  for  human 
RBCs  heated  to  37  deg  C  can  be  taken  as  an  indication  that  RFR-induced 
changes  in  rabbit  blood  may  not  be  reflected  in  similar  effects  with 
human  blood. 

Olcerst  et  al.  (1980)  found  that  in  the  absence  of  RFR,  Arrhenius 
plots  of  the  passive  efflux  rates  of  sodium-22  and  rubidiura-86  from  the 
RBCs  of  rabbits  in  vitro  have  four  separate  linear  regions  of  negative 
slope,  with  transitions  (regions  of  positive  slope)  at  8-13,  22.5,  and 
36  deg  C.  They  then  measured  the  sodium  and  rubidium  effluxes  after 
exposures  for  1  hr  to  2.45-GHz  RFR  in  a  waveguide  system,  described  by 
Rabinowitz  et  al.  (1977),  that  maintained  samples  at  predetermined 
temperatures.  The  efflux  rates  with  RFR  exposure  were  identical  to  the 
control  rates,  except  at  the  critical  temperatures,  where  exposure 
increased  the  efflux  of  both  cations.  The  effluxes  measured  at  the 


22.5-deg-C  transition  for  SARs  of  100,  190,  and  390  W/kg  were  found  to 
be  significantly  higher  than  those  obtained  without  RFR.  Similar 
increased  cation  efflux  was  also  observed  near  the  transitions  at  8-13 
and  36  deg  C. 

The  authors  stated  that  at  all  three  SARs,  the  cation  effluxes  were 
statistically  greater  than  one  would  predict  from  a  "macrothermal " 
response  (not  clearly  defined  by  the  authors)  and  that  the  response  does 
not  increase  monotonical ly  as  a  function  of  absorbed  power.  They  sug¬ 
gested  that  the  existence  of  an  intermediate  configuration  within  the 
RBC  membrane  is  necessary  for  the  observation  of  increased  efflux  and 
that  this  could  be  either  the  simultaneous  existence  of  two  phases  or  an 
intermediate  protein  configuration.  However,  coexistence  of  two  phases 
in  a  phase  transition  implies  the  requirement  for  absorption  or  release 
of  latent  energy  (without  temperature  change)  to  complete  transformation 
from  either  phase  to  the  other,  so  the  interaction  mechanism  cannot  be 
characterized  readily  as  nonthermal. 

Allis  and  Sinha  (1981)  used  the  fluorescent  probe,  1 , 6-diphenyl-l , 3 , 5- 
hexatriene  (DPH)  to  investigate  the  effects  of  in-vitro  exposure  of 
human  erythrocytes  to  1.0-GHz  CW  RFR  on  the  internal  viscosity  of  the 
cell  membranes,  based  on  the  concept  that  the  functional  properties  of 
biological  membranes  are  influenced  by  changes  in  the  fluidity  of  their 
lipid  portions.  They  noted  that  the  fluidity  of  membrane  lipid  rises 
with  increasing  temperature,  envisioned  as  an  enhanced  ability  of  the 
hydrocarbon  tails  of  the  phospholipids  to  move  within  their  environment 
in  the  membrane.  They  reasoned  that  since  most  membrane  lipid  species 
are  dipolar,  RFR  might  alter  the  molecular  motion  in  a  way  that  would 
change  their  f luidity-vs-temperature  profile. 

Human  erythrocyte  membranes  were  prepared  from  outdated  blood-bank 
blood  and  processed  to  obtain  hemoglobin-free  ghosts.  The  membranes 
were  then  suspended  in  hypotonic  sodium  phosphate  buffer  (20  mM,  pH  7.4) 
at  a  protein  concentration  of  2. 5-3.0  mg/ml.  The  processing  and  storage 
were  done  at  3  deg  C,  and  the  suspensions  were  used  within  24  hr.  Each 
day,  DPH  was  dissolved  in  tetrahydrofuran  to  a  concentration  of  2  mM, 
and  was  diluted  to  0.001  mM  with  the  hypotonic  phosphate  buffer;  equal 
volumes  of  0.001-mM  DPH  solution  and  a  1:12  dilution  (in  the  hypotonic 
phosphate  buffer)  of  membrane  suspension  were  mixed  and  incubated  at  37 
deg  C  for  90  min  to  ensure  membrane  penetration  by  the  DPH.  Non-probe- 
containing  suspensions  were  prepared  by  substituting  hypotonic  phosphate 
buffer  for  the  DPH  solution,  similarly  incubated,  and  used  as  the  light¬ 
scattering  blanks  for  the  fluorescence  measurements. 

A  spectrof luorometer  was  used  to  measure  fluorescence  depolarization 
of  DPH.  The  excitation  wavelength  was  360  nm  and  fluorescence  intensity 
at  425  nm  was  measured  in  planes  parallel  and  perpendicular  to  that  of 
the  exciting  light.  The  measurements  were  converted  to  apparent  visco¬ 
sity  of  the  lipid  portion  of  the  membrane,  based  on  the  theory  of  fluor¬ 
escent  probe  depolarization  applied  to  membrane  systems  (references 
cited  by  the  authors).  One  set  of  measurements  was  done  versus  tempera¬ 
ture  and  another  set  as  a  function  of  exposure  duration  at  23  deg  C. 


Exposure  durations  for  the  temperature  set  were  not  explicitly  stated. 


Two  pairs  of  suspensions  were  used  for  fluorescence  measurements,  each 
pair  consisting  of  cuvettes  of  membrane  suspension  with  and  without  DPH 
(exactly  3 . 5  ml  in  each).  One  pair  was  exposed  to  RFR  and  the  other 
pair  served  as  control.  Exposures  were  done  in  a  small  rectangular  TEM 
cell  mounted  vertically  at  the  front  of  the  fluorometer.  Special  optics 
were  used  that  permitted  fluorescence  measurements  of  a  suspension  pair 
(with  and  without  DPH)  placed  within  the  TEM  cell,  one  of  each  pair  on 
each  side  of  the  center  conductor.  The  long  axis  of  each  cuvette  was 
parallel  to  the  center  conductor  and  orthogonal  to  both  the  electric  and 
magnetic  vectors,  with  the  top  of  the  cuvette  facing  the  source.  Each 
cuvette  occupied  the  central  two-thirds  of  the  distance  between  center 
conductor  and  ground  plane  without  contact  with  either. 


A  sweep  generator  set  at  1.0-GHz  CW  was  the  RFR  source;  the  signal  was 
fed  through  an  amplifier  and  dual  directional  coupler  to  the  TEM  cell. 
Incident  and  reflected  powers  were  monitored  at  the  dual  directional 
coupler  and  transmitted  power  was  monitored  at  the  lower  end  of  the  TEM 
cell  via  a  20-dB  attenuator.  SARs  were  determined  by  calculation  from 
such  power  readings  with  and  without  suspension-bearing  cuvettes  in  the 
TEM  cell. 


Membrane-suspension  temperatures  were  maintained  to  within  ♦/-  0.2  deg 
C  during  fluorescence  measurements  by  circulating  water  from  a  constant- 
temperature  bath  through  thin-wall  Tygon  tubing  in  contact  with  the  TEM 
cell  walls,  so  only  the  air  surrounding  the  cuvettes  provided  thermal 
contact  thereto.  Membrane-suspension  temperature  was  adjustable  over 
the  range  15-40  deg  C.  The  control  pair  was  maintained  in  a  water  bath 
at  the  same  temperature  as  the  exposed  pair.  Temperatures  of  exposed 
and  control  samples  were  measured  periodically  with  a  Yellow  Springs 
Instrument  Co.  (YSI)  Model  46  TUC  telethermometer  and  a  YSI  Model  520 
non-metallic  thermistor  probe;  however,  neither  fluorescence  nor  dose 
measurements  were  made  with  the  probe  in  the  RFR  field. 


A  Vitek  probe,  made  available  after  the  experiments  were  completed, 
was  used  to  measure  the  temperature  at  15  locations  within  a  sample  ex¬ 
posed  at  15  W/kg.  The  temperatures  were  within  0.1  deg  C  except  at  the 
top  and  bottom  of  the  sample  column,  where  variations  of  0.2-0. 3  deg  C 
were  often  found.  These  results  imply  that  energy  deposition  was  rea¬ 
sonably  uniform  in  the  central  portion  of  the  sample  where  the  fluores¬ 
cence  measurements  were  taken. 


The  rotational  motion  of  DPH  in  the  lipid  portion  of  the  membrane  is 
dependent  on  the  degree  to  which  its  surroundings  allow  movement  and  is 
therefore  a  direct  measure  of  the  local  viscosity  of  the  membrane 
interior.  With  Ipa  and  Ipp  representing  the  fluorescence  intensities 
respectively  parallel  and  perpendicular  to  the  excitation  plane,  DPH 
rotation  is  characterized  by  the  anisotropy  parameter  r  given  by: 


(Ipa  -  Ipp)/(Ipa  +  2  I pp  )  . 


(  1  ) 
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The  apparent  microviscosity  v  indicated  by  DPH  can  be  calculated  from  r 
by  a  modified  version  of  the  Perrin  equation  simplified  for  DPH: 

v  -  2 . 4r/(0 . 362  -  r).  (2) 

The  logarithm  of  the  viscosity  of  a  homogeneous  medium  is  normally  a 
linear  function  of  the  inverse  absolute  temperature  (an  Arrhenius  plot). 
The  authors  noted  that  the  variation  of  membrane  lipid  viscosity  with 
temperature  may  also  be  characterized  in  this  way,  but  that  since  the 
membrane  is  not  a  homogeneous  medium,  the  result  may  apply  only  to  the 
microviscosity  in  the  immediate  neighborhood  of  the  probe  molecule. 

Representative  Arrhenius  plots  for  the  approximate  temperature  range 
4-49  deg  C  were  presented  for  samples  exposed  at  0.6,  2.0,  and  15  W/kg 
and  their  respective  controls.  All  six  plots  were  essentially  linear, 
with  only  minor  differences  in  slope,  obtained  by  a  least-squares  fit. 
The  results  of  each  of  four  experiments  at  each  SAR  were  tabulated.  By 
analysis  of  variance,  the  differences  in  slope  between  the  exposed  and 
control  samples  were  nonsignificant. 

Also  measured  were  changes  in  DPH  anisotropy  (r)  for  exposure  dura¬ 
tions  of  1,  2,  3,  4,  and  5  hr  at  0.7,  2.9,  and  14  W/kg  (and  for  corres¬ 
ponding  controls),  and  mean  r  and  SD  for  each  set  of  conditions  were 
plotted.  At  0.7  and  2.9  V/kg,  no  statistically  significant  differences 
between  exposed  and  corresponding  control  specimens  and  no  significant 
effect  of  exposure  duration  were  found;  however,  the  results  for  both 
measures  at  14  W/kg  were  significant  (p<0.02).  The  authors  suggested 
that  the  most  probable  explanation  of  the  latter  results  was  that  the 
temperatures  of  the  exposed  and  control  samples  were  the  same  (22.8  ♦  /- 
0.5  deg  C)  for  the  two  lower  SARs,  but  were  3.2  deg  C  higher  for  the 
samples  exposed  at  14  W/kg.  Moreover,  use  of  the  slope  for  any  of  the 
Arrhenius  plots  in  equation  (2)  showed  that  a  temperature  rise  of  3.2 
deg  C  would  decrease  r  by  0.004,  and  that  if  the  latter  were  used  to 
compensate  the  14-W/kg  results,  the  difference  between  the  exposed  and 
control  samples  would  be  rendered  nonsignificant.  Thus,  the  authors 
stated:  "The  anisotropy  of  DPH  was  found  to  be  independent  of  the 
duration  of  exposure,  and  from  this  we  may  infer  with  confidence  that 
the  Arrhenius-type  plots  are  not  skewed  by  exposure  duration." 

The  authors,  noting  that  the  slope  of  an  Arrhenius  plot  is  proportion¬ 
al  to  the  activation  energy  for  the  process,  indicated  that  the  RFR  had 
not  induced  a  fundamental  change  in  motion  of  the  hydrocarbon  tails  of 
the  lipid  molecules,  and  that  this  conclusion  applies  to  the  mixed 
lipids  of  the  red-cell  membrane  presumably  in  the  1  i  qu  id -c ry st a  1  1  i  ne 
state  above  the  phase-transition  temperature  from  the  gel-like  state 
They  also  indicated  that  their  mean  activation  energy  was  consistent 
with  those  of  others  obtained  with  fresh  blood. 

Last,  the  authors  cited  the  findings  of  Olcerst  et  al.  (1980)  on  the 
RFR-induced  efflux  of  cations  from  rabbit  erythrocytes,  who  suggested 
two  possible  mechanisms  for  their  results:  the  existence  of  two  lipid 
phases  separated  laterally  in  the  erythrocyte  membrane  or  conformations; 
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transitions  of  the  membrane  proteins  at  key  temperatures.  Allis  and 
Sinha  (1981)  noted  that  their  results  argued  against  lateral  separation 
of  lipid  phases  and  favored  the  hypothesis  that  the  observed  efflux  of 
cations  is  due  to  interaction  of  RFR  with  membrane  protein,  perhaps  in 
combination  with  limited  amounts  of  associated  water  or  membrane  lipid. 

Allis  and  Sinha  (1982)  used  DPH  and  associated  apparatus  to  study  the 
effects  of  1.0-GHz  RFR  on  multilamellar  dimyristoylphosphatidylcholine 
(DMPC)  vesicles,  phospholipids  that  exhibit  a  highly  cooperative  phase 
transition  in  which  hydrocarbon  chains  in  the  interior  of  the  membrane 
undergo  a  sharp  decrease  in  the  degree  of  order,  with  a  corresponding 
increase  in  chain  mobility.  Multilamellar  DMPC  vesicles  were  prepared 
by  dissolving  the  lipid  in  2  ml  of  chloroform  and  placing  the  solution 
in  a  50-ml  round-bottom  flask  attached  to  a  rotating  flash  evaporator. 
The  flask  was  suspended  in  a  30-deg-C  water  bath  and  rotated  for  3-4  hr 
under  vacuum.  As  the  chloroform  evaporated,  a  thin  film  of  lipid  was 
left  on  the  flask  walls.  Sufficient  KCl-Tr is-sucrose  buffer  was  added 
to  obtain  a  final  concentration  of  5  mg  of  lipid  per  ml  of  buffer,  and 
the  suspension  was  rotated  for  3-4  hr  more  in  a  30-deg-C  water  bath  to 
form  the  vesicles. 

Each  experimental  day,  equal  volumes  of  0.001-mM  DPH  and  a  1:24  dilu¬ 
tion  (in  the  same  buffer)  of  the  DMPC  membrane  suspension  were  mixed  and 
incubated  at  37  deg  C  for  60  min  to  facilitate  penetration  of  the  lipid 
by  DPH.  Suspensions  in  which  buffer  was  substituted  for  DPH  were  also 
prepared,  similarly  incubated,  and  used  as  the  light-scattering  blanks 
for  the  fluorescence  measurements.  For  positive  controls,  vesicles  were 
prepared  in  similar  fashion  except  that  0.030  ml  of  chloroform  was  added 
to  9.6  ml  of  vesicle  suspension  before  the  60-min  incubation. 

As  described  in  Allis  and  Sinha  (1981),  fluorescence  measurements  were 
made  in  planes  parallel  and  perpendicular  to  that  of  the  exciting  light, 
and  the  measurements  were  converted  to  apparent  viscosity.  Two  pairs  of 
samples  in  cuvettes  were  used  for  each  set  of  measurements;  one  pair  was 
exposed  in  a  TEM  cell,  and  the  other  pair  was  maintained  at  the  same 
temperature  in  a  water  bath  as  the  control. 


The  authors  noted  that  a  viscosity  Arrhenius  plot  will  yield  a 
straight  line  if  no  phase  transition  is  involved.  However,  their 
results  for  the  control  suspensions  without  chloroform  yielded  a  plot 
consisting  of  two  linear  regions  separated  by  a  transition  (from  the 
1 iq  1 1 d -c ryst a  1 1 i ne  phase  of  relatively  low  viscosity  to  the  gel  phase  of 
higher  viscosity)  at  about  2  *>  deg  C;  for  the  ch  1  orof  orm- 1  reat  ed  positive 
controls,  the  transition  temperature  was  about  8  deg  C  1  owe r .  but  the 
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Thus,  no  RFR-induced  temperature  shifts  in  phase  transition  were  found. 

Measurements  were  also  made  for  samples  exposed  at  various  SARs  at  two 
constant  temperatures,  23.5  and  25.5  deg  C,  which  corresponded  to  log- 
viscosities  of  about  0.7  and  0,  respectively,  approximate  values  that 
bounded  the  phase-transition  region.  The  mean  microviscosities  and  SDs 
at  each  temperature  were  plotted  vs  SAR.  Analyses  of  variance  yielded 
no  significant  effect  of  SAR  at  either  temperature. 

The  authors  noted  that  to  obtain  such  data,  it  was  necessary  to  expose 
a  single  sample  for  several  hours  on  a  given  day.  Therefore,  they  did 
an  another  set  of  experiments,  in  each  of  which  a  single  sample  was  ex¬ 
posed  for  5  hr/day,  with  measurements  made  every  hour,  and  the  results 
of  which  were  compared  with  those  for  a  control  sample  maintained  at  the 
same  temperature.  Such  experiments  were  performed  at  each  of  four  SARs 
between  1  and  25  W/kg  and  each  of  two  temperatures,  23.5  and  25.5  deg  C. 
For  each  case,  analysis  of  variance  showed  no  significant  trend  over 
exposure  duration. 

Shnyrov  et  al.  (1984)  studied  the  effects  of  RFR  on  the  heat  capacity 
of  human  erythrocyte  ghost  suspensions  by  use  of  scanning  differential 
microcalorimetry.  They  exposed  suspensions  to  330-MHz  CW  RFR  at  9.2 
W/kg  in  a  silica  chamber  placed  between  two  capacitor  plates.  Exposure 
for  20  min  increased  the  suspension  temperature  by  0.8  deg  C. 

Liburdy  and  Penn  (1984)  reported  the  occurrence  of  increased  sodium 
passive  transport  at  a  membrane  phase  transition  temperature  within  17- 
19  deg  C  for  rabbit  RBCs  exposed  to  2.45-GHz  RFR  at  60  W/kg.  They  indi¬ 
cated  that  maximum  effect  occurred  for  hypoxia  and  hyperoxia  (relative 
to  atmospheric  p02),  induced  by  bubbling  appropriate  02/N2  mixtures 
through  samples,  a  parameter  not  controlled  by  previous  investigators. 
They  noted  that  with  the  same  apparatus  and  procedures  used  by  Olcerst 
et  al.  (1980)  but  with  better  control  and  measurement  of  sample  tempera¬ 
ture  (to  +/-  0.05  deg  C),  they  were  unable  to  reproduce  the  regions  of 
positive  slope  found  by  the  latter  for  control  RBCs.  Though  apparently 
not  recognized  by  Liburdy  and  Penn,  however,  their  data  for  RFR-exposed 
RBCs  appeared  to  indicate  a  small  but  analogous  positive-slope  region. 

Liburdy  and  Vanek  (1985)  further  demonstrated  RFR-induced  changes  in 
erythrocyte  cation  permeability  that  they  occur  only  at  temperatures 
within  the  phase-transition  region  (18-22  deg  C),  by  using  cholesterol 
to  inhibit  the  phase  transition.  An  Arrhenius  plot  of  Na-22  influx  over 
the  temperature  range  13-43  deg  C  for  sham-exposed  rabbit  erythrocytes 
having  the  normal  concentration  of  cholesterol  exhibited  two  linear  re¬ 
gions  of  differing  slopes,  with  the  slope  change  (phase  transition)  in 
the  region  17.5-19.5  deg  C.  The  Na-22  influx  for  such  erythrocytes  that 
were  exposed  to  2.45-GHz  RFR  at  100  W/kg,  was  significantly  higher  (by 
75-100X)  than  for  sham-exposed  cells  only  within  the  phase-transition 
region.  The  slope  for  the  temperature  range  above  the  transition  was 
sma'ler  than  for  the  temperature  range  below  the  transition,  with  the 
slope  for  the  latter  corresponding  to  about  twice  the  activation  energy 
than  the  former  (14  vs  6.5  kcal/mole),  consonant  with  results  by  Allis 


and  Sinha  (1981). 


Erythrocytes  were  enriched  in  membrane  cholesterol  by  incubation  in 
mixtures  of  sonicated  cholesterol/phosphatidylcholine  liposomes  in  the 
presence  of  albumin.  As  expected,  the  Arrhenius  plot  for  sham-exposed 
cholesterol-enriched  erythrocytes  was  linear,  with  a  single  slope  over 
the  entire  temperature  range  13-43  deg  C,  signifying  the  absence  of  a 
phase  transition.  The  slope  was  the  same  as  for  erythrocytes  of  normal 
cholesterol  concentration  in  the  temperature  range  above  the  transition 
region,  indicating  that  the  cholesterol  enrichment  yielded  the  liquid- 
crystal  state  (Allis  and  Sinha,  1981)  in  the  temperature  range  below,  as 
well  as  above,  the  transition  region  for  normal  erythrocytes.  Moreover, 
the  data  for  the  RFR-exposed  cholesterol-enriched  erythrocytes  fitted 
the  Arrhenius  plot  for  sham-exposed  cholesterol-enriched  erythrocytes 
very  well,  indicating  absence  of  an  RFR  effect  for  such  erythrocytes. 

Kim  et  al.  (1985)  also  sought  effects  of  RFR  on  erythrocyte  membranes, 
but  used  the  fluorescence  probes  1-anil inonaphthalene-8-sulfonic  acid 
(1,8-ANS),  2-toluidinylnaphthalene-6-sulfonate  (2,6-TNS),  pyrene,  and 
perylene  for  studies  on  erythrocyte  ghosts.  In  addition,  they  used  the 
nonf luorescent  covalent  label  2,4,6-trinitrobenzene  sulfonic  acid  (TUBS) 
for  studies  on  whole  erythrocytes. 

The  authors  noted:  The  probes  1,8-ANS  and  2,6-TNS  were  chosen  because 
they  are  mainly  localized  in  the  lipid-water  interface  of  the  membrane. 
Perylene  is  localized  in  the  hydrocarbon  layer,  concentrating  mainly 
near  fatty  acid  residues,  while  pyrene  is  characterized  by  a  uniform 
distribution  over  the  hydrocarbon  layer.  The  probe  TNBS  was  selected 
because  it  allows  the  study  of  protein  shielding  of  lipids.  At  room 
temperatures,  TNBS  does  not  penetrate  the  erythrocyte  membrane,  and 
therefore  the  information  obtained  with  TNBS  relates  to  the  outer  sur¬ 
face  of  the  membrane;  at  37  deg  C,  the  membrane  becomes  permeable  to 
TNBS,  and  so  the  labeling  of  phospholipids  at  this  temperature  depends 
on  both  protein  shielding  and  permeation. 

Blood  from  five  rats  was  collected  in  220  ml  of  0.9Z  NaCl  (free  from 
anticoagulants)  at  0  deg  C.  After  centrifugation  for  10  min  at  0  deg  C, 
the  supernatant  and  the  layer  of  lymphoid  cells  above  the  erythrocyte 
sediment  were  aspirated,  and  the  erythrocytes  were  washed  three  times 
with  0.9X  NaCl.  The  erythrocyte  ghosts  for  the  fluorescence  aspects 
were  obtained  by  hemolysis,  with  1  raM  EDTA  added  to  the  erythrocyte- 
hemolysis  medium,  and  were  kept  at  -20  deg  C  and  used  within  2  days. 

For  the  TNBS  aspects,  9  ml  of  medium  containing  2  raM  of  TNBS  was  added 
to  1  ml  of  freshly  isolated  and  packed  erythrocytes,  and  incubated  with 
continuous  stirring  for  1  hr;  the  cells  were  washed  free  of  unreacted 
dye,  and  the  phospholipids  were  extracted.  The  phospholipids  were 
separated  by  chromatography  and  the  amounts  of  phosphatidylethanolamine 
(PEA)  and  tr ini t ropheny lphosphat idyl ethanol  amine  (TNPE)  were  determined, 
TNPE  being  the  reaction  product  of  PEA  and  TNBS,  and  the  fraction  F  of 
PEA  available  for  TNBS  incorporation  into  PEA  was  calculated  from: 
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F 


PEA-reacted/PEA-total . 


(3) 


From  the  results,  the  ratio  R  was  determined,  given  by: 

R  -  TNPE/ ( PEA  +  TNPE) ,  (4) 

representing  the  degree  of  tr initrophenylat ion  of  erythrocyte  PEA. 

The  TNBS  studies  were  performed  in  a  rectangular  thermostat  cell  with 
horizontal  inner  dimensions  30x30  mm,  a  height  of  60  mm,  and  a  bottom  of 
1  nun  thickness.  A  suspension  height  of  9  mm  yielded  a  total  thickness 
of  10  mm.  The  cell  and  stirrer  immersed  in  the  suspension  were  made  of 
Plexiglas.  The  suspensions  were  exposed  to  900-MHz  RFR  at  10  mU/sq  cm 
through  the  bottom  from  a  horn  below  the  cell.  The  authors  noted  that 
field  nonuniformity  did  not  exceed  3X  in  the  30x30-mm  exposure  area. 
Sample  temperature  was  measured  a  short  time  after  the  RFR  was  shut  off. 
The  SAR  was  not  estimated.  Incubation  of  suspensions  was  also  done  in  a 
water  bath  at  10,  15,  20,  25,  and  30  deg  C  to  determine  the  temperature 
dependence  of  TNBS  labeling. 

In  each  experiment,  a  sample  was  exposed  to  the  RFR  during  the  1  hr  of 
incubation,  with  a  paired  sample  as  the  control.  The  initial  sample 
temperature  before  exposure  and  in  the  control  was  22  deg  C.  After  5 
min  of  RFR-exposure ,  the  temperature  rose  by  about  3  deg  C  to  a  plateau 
of  25  deg  C  for  the  remaining  55  min.  The  results  for  three  experiments 
were  shown  in  Table  46  (adapted  from  Table  1  of  the  paper): 

TABLE  46:  EFFECT  OF  RFR-EXPOSURE  ON  THE  RATIO  R 


Experiment  R  for  RFR-exposed  sample  R  for  paired  control 


1 

2 

3 

Mean  and  SE 


0.025 

0.029 

0.025 

0.026  +  /-  0.004 


0.021 

0.024 

0.022 

0.022  +  /-  0.001 


It  is  seen  that  in  each  experiment,  the  RFR  yielded  a  higher  R  than 
the  control,  with  a  mean  increase  of  0.004.  (Although  the  authors  noted 
that  p>0.1  by  Student's  t-test,  they  appeared  to  regard  the  mean  in¬ 
crease  in  R  as  significant.) 

For  five  experiments  at  each  temperature  in  the  range  10-30  deg  C,  a 
plot  of  the  mean  fraction  F  (TNBS  incorporation  into  PEA  of  erythrocyte 
membranes)  vs  temperature  was  shown  in  Fig.  2  of  the  paper.  The  graph 
was  linear,  and  by  estimation  therefrom,  the  slope  was  0.0012  per  deg  C. 
Thus,  for  a  3.5-deg-C  temperature  rise  induced  by  RFR,  the  increase  in  F 
would  be  0.004,  indicating  that  the  effect  of  the  RFR  was  thermal. 

For  each  fluorescence  experiment,  erythrocyte  ghosts  were  suspended  in 
15-raM  phosphate  buffer,  pH  7.4  (protein  concentration  100  mg/ml),  and 
sonicated  for  15  s  at  22  kHz  and  0.5  A.  To  the  suspension,  1,8-ANS  and 
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2.6- TNS  were  added  to  a  final  concentration  of  10  mM,  and  pyrene  and 
perylene  respectively  up  to  2.5  and  0.2  raM.  The  measurements  were  done 
with  a  spectrof luorimeter ,  using  excitation  wavelengths  of  360  nm  for 

2.6- TNS;  380  nm  for  1,8-ANS;  330  nm  for  pyrene;  and  436  nm  for  perylene. 
Fluorescence  wavelengths  were  430  nm  for  2,6-TNS;  480  nm  for  1,8-ANS; 

390  nm  (monomer)  and  480  nm  (dimer)  for  pyrene;  and  474  nm  for  perylene. 

Perylene  fluorescence  anisotropy,  A,  in  the  membrane  was  estimated  by 
measuring  the  relative  fluorescence  yield  at  parallel  and  perpendicular 
orientation  of  the  optical  axis  of  polaroids  when  irradiating  the 
specimen  with  polarized  light.  The  following  equation  was  used: 

A  -  ( Fpa  -  G.Fpp)/(Fpa  +  2G.Fpp),  (5) 

where  Fpa  and  Fpp  are  respectively  the  fluorescence  intensities  of  the 
parallel  and  perpendicular  components,  and  G  is  the  grating  factor. 

In  initial  fluorescence  measurements  of  specimens  during  exposure  to 
RFR  at  various  frequencies,  including  900  MHz,  pickup  of  strong  stray 
fields  by  the  fluorimeter  electronics  was  obtained  except  at  frequencies 
near  340  MHz,  so  that  frequency  was  chosen  for  the  fluorescence  aspects. 
The  cell  used  for  the  fluorescence  measurements  and  exposure  was  rect¬ 
angular  with  opposite  walls  spaced  10  mm  apart.  The  cell  frame  and  two 
of  the  walls  were  made  of  Plexiglas,  quartz  was  used  for  the  walls  at 
the  site  of  fluorescence  excitation  and  emission  measurements,  and  the 
bottom  was  of  1-mra-thick  Plexiglas. 

One  of  two  silver  condenser  plates  (9. 5x9. 5  mm)  was  placed  under  the 
bottom  (on  the  outside)  of  the  ceil.  The  bottom  of  the  other  plate  was 
isolated  with  an  etched  polyethylene  film  to  minimize  light  reflection, 
a  vertical  support  rod  was  attached  to  its  top  surface  and  affixed  to  a 
horizontal  cell  cover,  and  the  plate  was  placed  within  the  cell  at  6  mm 
above  the  first  plate.  The  cell  was  filled  with  suspension  to  the  level 
of  the  upper  plate.  A  G3-20  high-frequency  generator  (made  in  the  USSR) 
was  used  to  deliver  energy  to  the  two  condenser  plates. 

Suspension  temperatures  were  measured  by  microthermistor  (MMT-4,  made 
in  the  USSR)  of  time  constant  not  exceeding  0.3  s.  The  authors  indicat¬ 
ed  that  its  calibration  curve  within  the  range  10-50  deg  C  was  linear. 
For  such  measurements,  the  RF  field  was  switched  off,  the  cell  cover 
with  the  attached  upper  condenser  plate  was  removed,  and  the  microtherm¬ 
istor  was  inserted,  all  requiring  a  time  interval  of  5-6  s.  Suspension 
SARs  at  cell  center  and  by  the  wall  were  respectively  100  */-  9  and  96 
♦/-  11  W/kp.  However,  the  authors  stated:  "One  cannot  exclude  the 

probability  that  removal  of  the  top  condenser  plate  caused  the  agitation 
of  the  suspension  and  lowering  of  its  temperature." 

The  resuits  for  1,8-ANS;  2,6-TNS;  and  pyrene  were  plotted  as  t  tie  mean 

relative  fluorescence  intensity  and  SF  for  each  probe  vs  temperature, 
attained  by  either  R  F  hex  po  sure  or  heating  in  t  lie  thermostat  All  of 
the  graphs  were  linear  with  negative  slopes,  indicating  decreases  in 
f  i  uo  r  e  si  enc  e  intensity  with  in<  teasing  temperature  In  eaih  case,  the 


slope  for  the  RFR  graph  was  slightly  more  negative  than  the  slope  for 
its  corresponding  thermostat  graph,  but  the  authors  indicated  that  the 
differences  were  not  significant  ( p > 0 . 1 ) ,  thus  demonstrating  that  the 
RFR  caused  no  other  effect  than  heating.  The  relative  intensity  for 
pyrene  decreased  more  strongly  at  390  nm  (monomeric  form)  than  at  480  nm 
(dimer  form),  indicating  that  pyrene  dimerization  rose  with  temperature. 
Analogous  results  for  fluorescence  anisotropy  of  perylene  were  obtained. 

Based  on  the  aforementioned  properties  of  TNBS  and  that  the  erythro¬ 
cyte  temperature  did  not  exceed  25  deg  C,  the  authors  concluded  that 
protein  shielding  was  the  primary  contributor  to  the  results  with  that 
probe,  and  that  the  results  considered  together  with  those  for  the 
fluorescence  probes,  showed  the  following:  (1)  an  increase  in  fluidity 
of  the  lipid  phase  in  the  sites  of  probe  localization,  (2)  changes  in 
the  state  of  the  lipid-protein  contact  region,  and  (3)  a  decrease  in  the 
shielding  of  the  lipid  bilayer  by  proteins.  They  also  stated: 

"When  compared  with  results  from  the  temperature  control,  the  observed 
alterations  in  the  erythrocyte  membrane  under  microwave  radiation  are 
qualitatively  and  quantitatively  similar  to  those  produced  by  its 
thermalizing  action.  In  all  cases  the  significance  level  exceeded  0.1. 

A  nonthermal  effect  of  this  radiation  was  not  found  with  the  techniques 
used  in  this  study." 

It  should  be  noted,  however,  that  the  temperature  range  used  by  Kim  et 
al.  (  1985)  was  22-36  deg  C,  above  the  phase-t rans it  ion  region  within 
which  RFR-induced  alterations  of  cation  permeability  were  reported  in 
other  investigations  such  as  those  discussed  above. 
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3.5.2  IN  VIVO  STUDIES:  EFFECTS  OF  EXPOSURES  ON  IMMUNOLOGICAL  PARAMETERS 
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Investigations  of  immunological  effects  of  RFR  in  vivo  can  be  divided 
into  those  in  which  changes  in  specific  immunological  parameters  were 
sought,  the  subject  of  this  section,  and  those  in  which  effects  of  RFR 
on  the  health  of  the  subjects  and  their  resistance  to  disease  were 
studied,  discussed  in  the  next  section. 

Several  studies  were  performed  with  Japanese  quail  as  subjects. 

Hamrick  et  al.  (1977)  sham-exposed  and  exposed  fertile  Japanese  quail 
eggs  in  6x5  arrays  for  24  hr/day  during  the  first  12  days  of  embryology 
to  2.45-GHz  far-field  CW  RFR  at  5  mW/sq  cm  ( SAR  about  4  W/kg),  and 
reared  the  birds  for  5  weeks  after  hatching.  At  this  age,  the  levels  of 
antibodies  against  sheep  red  blood  cells  (SRBC)  were  determined  before, 
and  4  days  after,  challenge  eith  SRBC.  The  differences  between  antibody 
levels  for  the  quail  from  RFR-exposed  eggs  and  cont ro 1  -  qua i 1  were  not 
significant,  either  before  or  after  challenge.  Also,  no  significant 
differences  were  found  in  the  weights  of  the  bursa  of  Fabricius  (source 
of  B  lymphocytes  in  birds)  or  the  spleen. 

In  a  teratolog  ical  study  of  Japanese  quail  from  eggs  similarly  ex¬ 
posed,  McRee  and  Hamrick  (1977)  reported  RFR- induced  higher  hemoglobin 
levels  and  lower  monocyte  counts  but  no  statistically  significant 
changes  in  hematocrits,  red  blood  cells,  total  white  blood  cells, 
lymphocytes,  heterophils,  basophils,  or  eosinophils.  However,  the 
differences  of  mean  temperature  from  egg  to  egg  in  the  arrays  were 
relatively  large  (up  to  0.5  deg  C),  rendering  it  difficult  to  speci¬ 
fically  associate  the  two  positive  findings  with  RFR  exposure. 

In  a  later  investigation  by  this  group,  Galvin  et  al.  (1981a)  exposed 
eggs  similarly  and  reared  the  quail  for  22  weeks  after  hatching,  along 
with  nonexposed  controls.  From  6  weeks  of  age,  the  exposed  quail  were 
housed  as  male-female  pairs  in  mating  cages;  control  quail  were  housed 
similarity.  In  one  set  of  experiments,  the  quail  were  immunized  with 
chukar  (partridge)  red  blood  cells  (CrRBC)  at  22  weeks;  blood  samples 
were  drawn  on  days  0,  •» ,  and  1  following  immunizat  ion  and  assayed  for 
anti-CrRBC  hemagglutinins  (antibodies)  as  a  measure  of  humoral  response, 
and  total  and  differential  leukocyte  counts  were  made  on  davs  0  and  1 
In  act  her  set  of  experiments,  each  quail  was  administered  the  mitogen 
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be  significantly  increased  (leukocytosis)  only  in  the  exposed  females. 
The  investigators  were  unable  to  account  for  these  response  differences 
between  the  sexes.  However,  the  occurrence  of  leukocytosis  in  this 
investigation  (in  which  birds  were  immunized  when  22  weeks  old)  and  its 
nonoccurrence  in  the  birds  immunized  when  5  weeks  old  (Hamrick  et  al., 
1977)  was  attributed  to  the  fact  that  the  hematologic  system  of  the 
adult  bird  differs  from  that  of  the  neonatal  bird. 

Among  early  studies  with  mammals  was  that  of  Rotkovska  and  Vacek 
(1975),  who  exposed  mice  to  2.45-GHz  CW  RFR  at  10  mW/sq  cm  for  5  min. 
Based  on  a  pr o 1  at e - sphe ro ida 1  model  of  a  mouse  (Durney  et  al.,  1978,  pp. 
97-99',  the  corresponding  whole-body  SAR  was  about  10  W/kg.  Other  mice 
were  heated  for  5  min  in  a  ventilated  chamber  held  at  43  deg  C.  Mean 
rectal  temperatures  increased  by  2.3  and  2.5  deg  C,  respectively,  for 
the  two  groups.  The  leukocyte  counts  for  the  circulating  blood  of  both 
groups  increased,  reaching  maxima  at  4  and  7  days  after  treatment  for 
those  exposed  to  RFR  and  at  t*  days  for  those  heated  in  the  chamber. 

This  effect  was  accompanied  by  increases  in  the  numbers  of  nucleated 
cells  in  the  spleen  and  the  bone  marrow  of  the  femur  over  the  same  time 
period  after  treatment. 

Czerski  i  1  9 7 5 >  exposed  100  mice  to  pulsed  2.95-GHz  RFR  ( 1 -mic rosecond 
pulses,  12C0  pps 1  at  C.5  mW/sq  cm  average  power  density  (about  0.5  W/kg, 
Turner  et  al.,  pp.  97-99)  for  6  weeks,  and  another  100  for  12  weeks  (2 
hr  dav,  t  davs  week'.  Following  exposure,  the  mice  were  immunized  by 
injection  of  sheep  red  blood  cells  ( SRBC )  .  For  controls,  100  unexposed 
mice  were  immunized  and  2  other  groups  of  100  each  were  exposed  for  6  or 
12  weeks  but  not  immunized.  Five  ot  the  mice  in  each  group  were  then 
euthanized  or.  days  ,  b,  8,  12.  and  20.  Sera  were  collected,  lymph 
nodes  were  excised,  suspensions  of  cells  therefrom  were  prepared,  and 
the  percentages  f  1  vrr.phofcl  ast  s  and  plasmocytes  in  the  latter  were 
determined.  The  r.  urate  r  of  ant  ifcodv-forraing  cells  was  determined  as  a 
measure  of  irara.ne  response  Also,  serum  hemagglutinins  were  estimated. 

F.r  *  tie  three  immunized  groups,  the  percentage  of  blast  cells  rose 
t  r  cm  §r.  .  r.  i  *  .  a  .  value  f  about  bt  '  ,  reached  maxima  on  day  6  after 

.re-  .  .  r.  f  SR?..' ,  and  diminished  to  approximately  baseline  values  by 
: a v  . .  The  .  -west  maximum,  about  27X,  was  for  the  unexposed  group;  the 

-*>x*  a-  .*  2*.  was  t  r  the  group  exposed  for  12  weeks;  and  the  high- 
at  .-  :  X  was  :  :  these  exposed  for  b  weeks.  Smaller  rises  to 
-  ux  ,-t  a  n  tav  -  w® : »  .  tt  a  .ned  ter  the  two  non  immunized  groups,  with  the 
•  wees  g r  .;  again  vie. ding  a  higher  max. mum  than  the  12-week  group. 

7*  ®  ;  •  ®  :  r  «  t  :  •  ne  i  e  :  e  r.  t  age  of  pi  asmoevt  es  and  the  numbe  r  of  anti- 

:  «■  .  *  *  .  -  *  s  .  t.  :  .  a  r 


•  •  r  e  :  e<  .  :  s  *  i  .  i  '  a. so  exposed  12  rabbits  to  the  same 

-  ~w  s,  t :  L-  w  sg.  Turney  et  al.,  1978,  p.  92)  for  6 

r  «  *  -  •••  i  «■:.;■  e  r  a .  blood  was  obtained,  lymphocyte  cultures 
e.  , :  ®  1  a-t  .  -  ,rv*.t  t  r  7  davs  at  37  deg  C,  and  the  percentage 
e  .  .  s  was  .it  ®d  Tr.e  results  shewed  an  increase  from  about 
.  a  .  .  v  •  u  u  -  .  I  :  es;  e  •  •  ive  1  v  for  months  1  and  2  of  exposure, 

-  •  -  ..  e  •  •  ag  e  returned  to  baseline.  A  smaller  increase,  to 


*  !  *  *  * 


about  6%,  was  also  seen  for  month  7  (1  month  after  exposure  cessation) 
and  a  return  to  baseline  for  months  8  and  9. 

In  general,  the  results  of  this  investigation  indicate  that  in-vivo 
exposure  to  RFR  at  the  frequency  and  power  densities  used  does  alter  the 
immune  system,  but  the  significance  of  such  findings  with  respect  to 
possible  RFR  effects  on  the  human  immune  system  are  difficult  to  assess 

Huang  et  al .  (1977)  exposed  groups  of  five  Chinese  hamsters  to  2.45- 
GHz  RFR  for  15  min/day  on  5  consecutive  days  at  power  densities  of  5, 

15,  30,  or  45  raW/sq  cm.  The  whole-body  SARs,  measured  calorimetrical ly 
in  dead  animals,  were  2.3,  6.9,  13.8,  and  20.7  W/kg.  Control  animals 
were  sham-exposed.  One  hour  after  exposure,  blood  was  drawn  and 
cultured  for  1  day  if  not  mitogen-stimulated  or  for  3  days  if  stimulated 
with  PHA. 

Cultures  not  stimulated  with  PHA  exhibited  variation  of  Transformation 
Index  (TI,  the  percentage  of  transformed  cells  relative  to  the  total 
number)  with  power  density.  The  curve  was  in  the  shape  of  an  inverted 
U;  values  peaked  at  30  raW/sq  cm  (13.8  W/kg)  and  then  gradually  returned 
to  control  values.  Cell  counts  done  when  blood  was  collected  showed  no 
net  gain  of  lymphocytes  from  other  sources,  such  as  the  lymph  nodes  or 
the  spleen,  and  no  significant  changes  in  differential  leukocyte  counts, 
these  differential  counts  support  the  contention  that  RFR  does  not  cause 
lymphocytosis.  As  discussed  later,  however,  Liburdy  (1977)  reported 
RFR- induced  complementary  lymphopenia  and  neutrophilia  in  mice. 

Regarding  the  inverted-U  relationship  between  TI  and  power  density  for 
the  nonst imulated  cultures,  the  authors  suggested  that  two  unspecified 
controlling  mechanisms  may  have  been  involved,  one  operating  at  lower 
power  densities  and  the  other  that  quenches  the  first  at  higher  power 
densities.  They  stated  that  the  quenching  mechanism  is  probably  related 
to  the  temperature  of  the  animal,  but  indicated  that  it  was  not  possible 
to  discern  whether  the  TI  increases  at  5  and  15  raW/sq  cm  (2.3  and  6.9 
W/kg)  were  due  to  heating  or  some  athermal  RFR  interaction.  However, 
because  SAR  distributions  in  animals  at  2.45  GHz  are  far  from  uniform, 
power  densities  as  low  as  5  mW/sq  cm  could  have  produced  significant 
local  internal  heating.  Other  unknown  factors  may  have  contributed  to 
the  results.  For  example,  a  0.2-deg-C  decrease  occurred  in  mean  rectal 
temperature  after  sham  exposure,  an  indication  of  some  non-RFR- induced 
physiological  change. 

For  cultures  stimulated  with  PHA,  Huang  et  al .  (1977)  found  that  the 
mean  value  of  the  Mitotic  Index  (percentage  of  cells  in  mitosis  relative 
to  the  total  number  of  lymphocytes)  diminished  from  3X  for  controls  to 
about  0.04%  and  0.05%  for  the  30  and  45  mW/sq-cm  (13.8-  and  20.7-W/kg) 
exposure  groups,  respectively. 

The  decrease  of  mean  Mitotic  Index  with  power  density  for  PHA-stimu- 
lated  cultures  was  significant,  but  equally  interesting  was  that  the 
large  scatter  of  values  for  the  controls  (0  to  9%)  also  diminished 
rapidly  with  power  density,  tending  to  further  confirm  that  RFR  does 
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Thraa  groups  were  exposed  at  S  mW/sq  -m  '2  2S  W/kg,  ’  S  hr/day  for  10 
days  and  blood  samples  were  assayed  for  various  hematology  and  serum 
chemistry  mdtcaa,  including  vol  >*ma  of  pa<  had  rad  r  e  i  1  s  ,  count  a  of  rad 
alia,  while  alia,  r  a  t  1  <•  u  1  o<-  y  t  a  a  ,  and  platelets,  hamog  lobin,  prof*  in  , 
and  triglyceride  concentrations;  and  t  ha  number  of  nucleated  f  eroo  r  a  1 
bone  marrow  cells  (femoral  marrow  r*l lular it y  )  .  The  values  of  femoral 
marrow  cellularity  were  higher  for  two  ’if  the  three  RFR-exposed  groups 
than  their  corresponding  sham-exposed  groups,  yielding  a  significantly 
higher  ( p < 0 . 0 1  )  pooled  mean  than  for  the  three  sham-exposed  groups.  The 
differences  between  RFR-  and  sham-exposed  groups  in  any  of  the  other 
indices  measured  were  nonsignificant. 

Six  groups  were  exposed  at  10  mW/sq  cm  ( <*  .  SO  W/kg),  one  group  7.5 
hr/day  for  10  days,  two  groups  3  hr/day  for  20  days,  two  groups  7  hr/day 
for  27  days,  and  one  group  7  hr/day  for  51  days.  Significant  differ¬ 
ences  were  obt.  ined  in  several  indices  between  some  RFR-exposed  groups 
and  their  sham-  txposed  groups,  but  no  consistent  pattern  across  groups. 
In  the  group  exposed  7.5  hr/day  for  10  days,  mean  bone  marrow  rellular- 
ity  was  reduced  significantly  (p<0.05),  a  finding  opposite  to  that  for 
those  exposed  at  5  mW/sq  cm.  Comparisons  of  all  of  the  sham-exposed 
groups  indicated  relatively  large  variations  among  their  mean  values  for 
the  hematologic  and  serum-chemistry  indices  studied. 
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Pagan  et  al  (1983)  alto  reported  that  no  effects  were  seen  on  bone- 
marrow  g r anu 1 oc y t e /mac rophage  co 1 ony- f ormi ng  units  (CFU)  after  exposure 
at  5  mW/sq  cm  (  2  .2  5  W/kg).  There  was  a  significant  increase  in  one  of 
four  groups  exposed  at  10  mW/sq  cm  ( 4 . SO  W/kg):  the  number  of  CFTJ  for 
this  group  was  larger  than  for  its  control  group  (p<0.05).  However,  as 
stated  by  the  investigators,  the  coefficient  of  variation  (about  401) 
was  more  a  reflection  of  large  differences  among  animals  than  among 
p.ates  from  individual  mice 

At  10  mW/sq  cm  (4  SO  W/kg).  there  were  no  significant  effects  on  in 
vivo  and  in-vitro  assays  of  c# 1 1 -med i at ed  immune  functions.  In  addi- 
'  ;  in,  no  exposure  related  histopathologic  lesions  were  found  in  exare- 
ination  of  several  tissces  and  organs 

Lm  et  ai  '1979c)  exposed  groups  of  4  mice  each  to  148-MHz  CW  RFR  at 
0  5  mW/sq  cm  (0  013  W/kg)  1  hr/day,  5  days/week,  for  10  weeks  in  a  TEM 
ell  beginning  on  the  4th  to  7th  day  postpartum.  Controls  were  sham- 
exposed  Ambient  temperature  and  humidity  were  between  25  and  35  deg  C 
and  35  to  65X,  respectively  The  mice  were  weighed  dally  from  the 
beginning  of  exposure  through  the  10-week  exposure  period  and  weekly 
thereafter  up  to  600  days  of  age  The  differences  in  weights  between 
RFR  and  sham  exposed  mice  at  corresponding  times  were  not  significant. 

Blood  less  than  0  045  ml  per  sampling)  was  drawn  from  tall  vessels  at 
i'8  and  ’0  days  of  age  (during  the  10  week  exposure  period)  and  at  100, 
/■C.  300,  360,  and  600  days  of  age  (post  exposure).  No  significant 

differences  between  RFR  exposed  and  sham  exposed  groups  were  found  for 
hematocrit,  hemoglobin,  leukocyte  counts  or  erythrocyte  counts.  There 
were  also  no  significant  differences  in  differential  blood -cell  counts 
but  ,my  data  on  lymphocytes  and  segmented  neutrophils  were  presented). 

Wikt  or-Jedrzejczak  et  al.  7  1  9  7  7  )  exposed  CBA/J  mice  to  2.45-GHz  RFR  in 
a  waveguide  at  a  mean  SAP  of  14  W/kg  for  either  a  single  30-min  session 
or  three  such  sessions,  one  per  day,  3  days  apart.  Control  mice  were 
sham-exposed.  Following  exposure,  the  spleens  were  removed  and  tested 

for  various  effects  of  the  RFR. 

First,  the  relative  numbers  of  T  and  B  lymphocytes  in  the  spleens  of 
the  RFR-exposed  mice  were  compared  with  those  in  the  control  mice.  The 
results  indicated  that  the  total  numbers  of  T  cells  were  unaffected  by 
either  the  single-session  or  t r i p le- sess ion  exposures.  However,  the 
single  exposures  produced  statistically  significant  increases  in  the 
population  of  one  subclass  of  B  cells  ( corap  1 eroent - receptor-pos it ive ,  or 
CR*)  but  not  in  another  subclass  of  B  cells  (immunoglobulin-positive,  or 
Ig+),  whereas  the  triple  exposures  yielded  increases  in  both  types  of  B 
cells. 

Next,  spleen  cells  from  RFR-  and  sham-exposed  mice  were  cultured  with 
various  added  T-cel 1-spec  if ic  or  B-cel 1-specif ic  mitogens,  and  the 
numbers  of  cells  undergoing  blastic  transformation  were  determined. 

Both  single  and  triple  exposures  resulted  in  significant  increases  in 
blastic  transformation  of  B  cells  but  had  nonsignificant  corresponding 
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effects  on  T  cells. 


Last,  mice  were  inoculated  with  the  antigen  SRBC,  which  induces  the 
production  of  antibodies  by  B  cells  if  T  cells  are  also  present,  or  with 
an  antigen  ( DNP- lys-Ficol 1 )  that  does  not  require  the  presence  of  T 
cells  for  antibody  production  by  B  cells.  The  mice  were  then  given 
triple-session  RFR-  or  sham-exposures,  after  which  their  spleens  were 
removed  and  assayed  for  antibody  production.  RFR-induced  decreases  of 
mean  antibody  production  in  response  to  both  antigens  were  observed,  but 
onLy  the  difference  for  SRBC  was  statistically  significant. 

Taken  together,  the  results  of  Wiktor-Jedrzej czak  et  al.  (1977)  indi¬ 
cate  that  acute  exposures  to  the  thermogenic  levels  of  RFR  used  can  have 
weak  stimulatory  effects  on  splenic  B  cells  but  none  on  T  cells.  The 
authors  reasoned  that  the  observed  increases  in  the  numbers  of  CR+  B 
cells  and  of  B  cells  undergoing  blastic  transformation  either  were  mani¬ 
festations  of  RFR-induced  proliferation  of  the  B-cell  populations,  which 
would  be  consonant  with  the  findings  of  Stodolnik-Baranska  (1967,  1974) 
and  of  Czerski  (1975),  or  were  a  result  of  RFR  stimulation  of  immature  B 
cells  already  present.  In  a  later  paper,  Wiktor-Jedrzej czak  et  al. 
(1980)  presented  data  that  support  the  latter  hypothesis. 

Sulek  et  al.  (1980)  reported  on  threshold  values  for  the  increases  in 
CR*  B  cells.  They  exposed  groups  of  mice  once  to  2.45-GHz  RFR  at  a  mean 
SAR  of  11.8  W/kg  for  5  to  120  min  or  for  30  min  at  SARs  from  about  2  to 
18  W/kg,  and  determined  the  numbers  of  CR+  cells  on  days  3  and  6  after 
exposure.  They  obtained  significant  increases  in  CR+  cells  on  day  6  for 
single  exposures  at  11.8  W/kg  for  a  minimum  of  15  min,  and  on  day  3  (as 
well  as  6)  for  single  exposures  of  30  rain  at  5.0  W/kg,  or  a  threshold 
energy  absorption  of  about  10  J/g.  They  also  observed  that  multiple 
exposures  at  subthreshold  values  were  cumulative  if  the  exposures  were 
done  within  1  hr  of  one  another  but  did  not  increase  the  numbers  of  CR+ 
cells  if  spaced  24  hr  apart,  even  if  the  sum  of  the  energy-absorption 
values  exceeded  the  threshold. 

Schlagel  et  al .  (1980)  presented  results  indicating  that  the  RFR- 
induced  increases  in  CR+  B  cells  are  dependent  on  genetic  factors: 
Strains  of  mice  having  the  histocompatibility  H-2k  haplotype  (e.g., 

CBA/J )  showed  marked  increases  in  CR+  cells  due  to  RFR  exposure,  whereas 
those  bearing  H-2a,  H-2b,  and  H-2d  haplotypes  did  not.  Moreover, 
athymic  H-2k  mice  responded  similarly  to  RFR  exposure,  indicating  that 
the  effect  was  not  regulated  by  the  T-cell  population. 

Wiktor-Jedrzej czak  et  al.  (1981),  noting  the  genetic  control  over  the 
increases  in  CR+  cells  found  by  Schlagel  et  al.  (1980),  suggested  that 
the  effect  might  be  mediated  by  a  humoral  factor.  Diffusion  chambers 
permeable  to  soluble  factors  but  not  cells  were  surgically  implanted  in 
peritoneal  cavities  of  host  CBA/J  mice.  The  authors  then  either  derived 
donor  CBA/J-mouse  spleen  cells  from  mice  exposed  to  2.45-GHz  RFR  at  14 
W/kg  for  30  min  and  cultured  the  cells  in  diffusion  chambers  within 
sham-exposed  mice  or  derived  donor  CBA/J-mouse  spleen  cells  from  sham- 
exposed  mice  and  cultured  them  in  chambers  within  mice  similarly  exposed 
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to  the  RFR .  For  controls,  cells  from  sham-exposed  donors  were  also 
cultured  in  chambers  within  sham-exposed  host  mice.  Assays  for  CR+ 
spleen  lymphocytes  circulating  in  the  host  mice  and  within  the  implanted 
diffusion  chambers  were  performed  6  days  after  RFR-  or  sham-exposure. 

For  either  the  donor  or  the  recipient  mice  exposed  to  the  RFR,  the 
mean  frequencies  of  CR+  cells,  both  circulating  in  the  hosts  and  within 
the  diffusion  chambers,  were  significantly  higher  than  their  respective 
mean  control  values.  These  results  support  the  hypothesized  existence 
of  a  humoral  factor  and  indicate  that  the  effect  is  not  due  to  RFR- 
induced  alterations  of  CR+  lymphocyte  circulation  patterns. 

Smialowicz  et  al.  (1981c)  exposed  CBA/J  mice  10-12  weeks  old  once  to 
2.4S-GHZ  CW  RFR  at  15,  20,  30,  or  40  mW/sq  cm  (11,  14,  22,  and  29  W/kg) 
foi  30  min  in  an  anechoic  chamber  having  an  ambient  temperature  held 
constant  at  22  deg  C  and  50X  relative  humidity.  (The  authors  stated 
that  the  mice  exposed  at  40  mW/sq  cm  were  clearly  under  thermal  stress 
and  that  a  60-rain  exposure  at  this  power  density  is  lethal.)  Six  days 
later,  the  percentage  of  CR+-  spleen  cells  and  the  number  of  nucleated 
spleen  cells  were  determined.  No  significant  differences  in  these  two 
endpoints  were  found  between  sham-exposed  mice  and  mice  exposed  at  any 
of  the  RFR  levels.  Thus,  Smialowicz  et  al .  (1981c)  could  not  confirm 
the  RFR-induced  CR+  increases  found  by  Wiktor-Jedrzej czak  and  coworkers. 

On  the  assumption  that  older  mice  may  be  more  responsive,  Smialowicz 
et  al.  (1981c)  exposed  mice  14,  16,  and  24  weeks  old  at  30  or  40  mW/sq 
cm  for  30  min.  Only  the  16-week-old  group  exposed  at  40  mW/sq  cm  yield¬ 
ed  significantly  higher  percentages  of  CR+  cells  and  smaller  numbers  of 
nucleated  spleen  cells  than  the  corresponding  group  of  sham-exposed  con¬ 
trols.  The  authors  suggested  that  the  internal  SAR  distributions  in 
mice  exposed  in  their  anechoic  chamber  were  considerably  different  than 
for  mice  exposed  at  the  same  whole-body  SARs  in  the  waveguide  system 
used  by  Wiktor-Jedrzej czak  and  coworkers. 

Liburdy  (1977)  exposed  rats  in  a  TEM  cell  to  26-MHz  CW  RFR  at  field 
intensities  of  5780  V/ra  and  6.71  A/m  for  4  to  7  rain  to  induce  a  body- 
temperature  increase  of  2-4  deg  C.  The  author  stated  that  the  value  of 
ExH  was  8.62  W/sq  cm  and  that  the  whole-body  SAR  was  23  W/kg.  Control 
rats  were  sham-exposed.  Other  rats  were  heated  in  a  vented,  dry-air 
oven  at  79  deg  C  for  8  to  12  min  to  match  the  body-temperature  increases 
produced  by  the  RFR.  To  induce  inflammatory  responses,  SRBCs  were  then 
subcutaneously  injected  into  one  footpad  of  each  rat  and  saline  into  the 
contralateral  footpad.  The  thicknesses  of  both  footpads  were  measured  4 
hr  later.  The  footpads  of  the  sham-exposed  rats  showed  a  mean  thickness 
increase  of  about  0.23  cm  compared  with  about  0.01  cm  for  the  saline- 
injected  footpads  of  the  same  rats.  By  contrast,  the  SRBC- inj ected 
footpads  increased  only  about  0.18  cm  for  the  rats  treated  with  warm 
air,  and  about  0.10  cm  for  the  RFR-exposed  rats.  Thus,  RFR  exposure  and 
warm-air  treatment  yielded  significant  suppression  of  SRBC-induced 
inflammatory  response,  but  suppression  was  greater  for  the  RFR. 

In  similar  experiments  with  mice,  Liburdy  (1977)  obtained  lymphocyte, 
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neutrophil,  and  total  leukocyte  counts  immediately  before  and  at  regular 
intervals  after  sham-exposure  or  exposure  to  26-MHz  RFR  at  the  same  F 
and  H  levels  (ExH»8.62  W/sq  cm),  for  which  the  whole  body  SAR  was  12  '■> 
W/kg,  or  to  warm-air  treatment  to  produce  comparable  body  temperature 
increases.  It  should  be  noted  that  this  SAR  is  at  variant e  with  t hose 
for  the  mouse  cited  in  l.iburdy  (1979),  discussed  below  Inflammatory 
responses  were  then  induced  by  incision  across  a  tail  vein  Both  sham 
exposure  and  warm-air  t-eatment  yielded  significant  leukocytosis,  wh  1  <  h 
persisted  for  about  96  hr  Differential  counts  were  made  of  ■  i  r  <  u  1  a  t  i  r.g 
lymphocytes  and  neutrophils,  which  yielded  about  twof-  ,d  irv  leases  f ■  r 
both,  with  no  significant  differences  between  he  two  treatments  Bv 
contrast,  pronounced  lymphopenia  and  complenient  ary  neutrophilia  that 
summed  to  a  substantially  constant  total  leukocyte  ’>un  *  over  the  96  hr 
period  were  obtained  for  the  RFR  exposed  mice  Maximum  lymphopenia  and 
neutrophilia  (both  fourfold  changes  fr om  initial  values'  occurred  (  hr 
after  treatment,  followed  by  gradual  diminution  of  both  efferts  during 
the  remainder  of  the  period 

In  a  later  study,  Liburdy  (1979)  exposed  mi  e  to  26  MU?  RFR  at  BO 
mW/sq  cm,  corresponding  to  B  .  6  W/kg  ( " t he rraogen i >  "  RFR),  for  IB  min 
These  exposures  produced  core  temperature  increases  of  2  to  t  deg  C 
For  comparison,  mice  were  heated  in  a  dry  air  oven  at  6i  deg  C  for  the 
same  period  to  obtain  approximately  the  same  in<  tease  in  core  tempera 
ture.  Lymphopenia  and  neutrophilia  were  evident  in  the  RFR  exposed 
mice,  effects  that  persisted  for  about  12  hr  after  exposure  These 
effects  could  be  sustained  and  the  recovery  period  prolonged  by  add i 
tional  RFR  exposures  at  3-hr  intervals.  By  contrast,  the  effects  were 
only  slight  for  the  mice  heated  in  the  oven.  A  qualitatively  similar 
time  course  of  sustained  pe r i phe r a  1  - bl ood  lymphopenia  and  neutrophilia 
was  obtained  by  a  single  injection  of  the  g  lucocor t  icost e ro  id  methyl 
prednisolone  sodium  succinate,  but  the  injection  also  led  to  a  decrease 
in  total  leukocyte  population. 

The  effects  were  absent  for  mice  exposed  to  26-MHz  RFR  at  BO  mW/sq  cm 
or  to  5-MHz  RFR  at  800  mW/sq  cm,  both  of  which  yielded  a  whole-body  SAR 
of  0.36  W/kg  ( "nonthermogen ic "  RFR)  or  about  one-sixteenth  of  the  SAR 
used  previously.  Because  heating  may  result  in  significant  stress, 
Liburdy  determined  the  plasma  corticoid  levels  after  acute  and  chronic 
(longer-term,  lower-level)  RFR  exposure,  and  found  about  a  threefold 
increase  in  corticoid  level  relative  to  controls,  whereas  acute  and 
chronic  warm-air  heating  produced  modest,  statistically  insignificant 
increases . 

Because  steroid  injection  yielded  results  qualitatively  similar  to 
those  for  the  thermogenic  RFR,  Liburdy  concluded  that  a  causal 
relationship  exists  between  RFR  hyperthermia,  steroid  release,  and 
alterations  of  lymphocyte  distribution  and  function.  The  suggested 
mechanisms  involves  RFR  stimulation  of  the  hypophyseal-hypothalamic- 
adrenal  axis  through  heating,  which  triggers  release  of  adrenal  steroids 
that  act  directly  on  the  lymphocytes  to  alter  their  distribution  and 
funct ion . 
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Also  ascertained  in  this  study  was  delayed  l ypf  hypersenslt  ivity 
;iTH  done  by  sensitizing  mi  e  with  SRB<  bv  injection,  <  ha  1  1 # ng l ng  t  he 
m  i  e  6  days  later  bv  SRB(  i  n )  ei  *  i  on  into  the  tight  teat  f  out  pad  end 
sain#  i n ; e>  t  i on  into  the  left  rear  footpad,  and  me asuring  the  swelling 
f  ’tie  rig  tit  footpad  relative  to  the  left  one  2  <•  tu  after  r  ha  1  l eng# 

1  tie  rt  .  e  were  <  hr  on  i  >  a  1  i  v  exposed  to  t  he  ’  tie  r  mogen  i  <  RFR  or  warm  air 
f  r  tn  ^  lavs  prior  to  sens  i  t  i  z  at  i  on  to  t  he  d  a  y  of  ■  ha  1  1  enge  The  warm 
a  i  !  ’teat  me  n  t  yielded  t'TH  results  ompa  I  able  to  those  for  sham  exposed 

r.’r  .s  t  it  hr  ni  RFR  exposure  markedly  depressed  the  PTH  response 

i  *  i  r  1  y  ,  JAP  i  n  1  e  ’  ed  m  i  >  e  w  i  t  h  radio*  t  lively  labeled  i  C  r  6  1  )  spleen 
.  vf.pf;  vies  and  stiam  exposed  or  exposed  the  mir*  to  far  field  2  6  GHz  'V 
“  f  H  .'i  an  ane  t:  i  tiamber  f't  .  ti  r  at  6  or  2  *>  mW/sq  m  (  1  B  or  19  W/kg 
.  run#  1  ;  a  •  e  .  v  af’er  i  n  •  e>  *  l > >n  Ot  tie  r  in  )e<  ted  mice  we  re  he  at  treated  at 
’  1  deg  f  t  r  i  tir  He  ta.  temperatures  were  mon  itored  <  on  t  1  nuous  1  y  At 
’  t  2  <•  tit  after  i  n  '  e  t  i  on ,  the  lungs,  liver,  spleen,  and  long  bones 
’  ’he  rear  legs  were  remove  1  and  relative  populations  of  lymphocytes  in 
• h  s  e  ’issues  we  re  determined  bv  S'  int  illation  counting  For  positive 
•n  *  r  .  s  ,  t  tie  r  mi  e  we  re  in;*’  ed  with  me  ’  hy  1  prednisolone  sod  l  urn 
su  inate  in  lieu  >f  h  f  H  r  warm  air  treat  me  nt 

Fxp'sure  at  2^  mW/sq  m  19  W/kg'  prodmed  a  ore  temperature  increase 
f  2  deg  C,  during  the  first  16  min,  to  a  thermoregulatory  plateau  of  19 
leg  tieating  at  61  deg  C  yielded  the  same  plateau  but  at  a  slower  rate 
(  rise,  exposure  at  6  mW/sq  'mil®  W/kg>  did  not  increase  the  cor# 
’emperatur#  The  lymphmyt#  mint  s  indicated  that  normal  lymphocyte 
rrigrat  ion  patterns  were  obtained  for  the  mire  exposed  at  6  mW/aq  cm  or 
heated  to  6!  deg  C  However,  for  the  mice  exposed  at  26  mW/sq  cm,  the 
number  of  lymphocytes  that  normally  migrate  from  the  lungs  to  the  spleen 
decreased  by  37*  and  the  number  of  lymphocyte*  entering  the  bon*  marrow 
increased  threefold  Qualitatively  similar  results  were  obtained  for 
t  tie  steroid  treated  group  Liburdy  suggested  that  RFR  at  relatively 
high  levels  (eg,  26  mW/sq  cm  or  19  W/kg)  can  affect  the  Immune  system 
indirectly  as  a  nonspecific  stressor  that  induces  steroid  release. 

Guy  et  al.  (1980b)  sham-exposed  and  exposed  four  rabbita  aach  to  2.45- 
GHz  CW  RFR  for  23  hr/day  on  180  consecutive  days.  The  power  densities 
at  the  head  and  body  were  10  and  7  mW/sq  cm,  respectively;  th#  estimated 
peak  SAR  in  the  head  was  17  W/kg,  and  the  average  SAR  of  the  whole  body 
was  1.5  W/kg.  The  eyes  were  examined  periodically,  and  no  differences 
were  found  between  the  two  groups.  Also  evaluated  were  hematologic  (as 
well  as  other  physiological)  parameters,  and  th*  results  for  0,  1.5,  3, 
4.5,  and  6  months  of  exposure  were  presented.  The  differences  In  values 
for  RFR-  and  sham-exposed  animals  were  found  to  be  nonsignificant  except 
for  a  decrease  in  the  percentage  of  eosinophils  at  6  months,  but  the 
Investigators  noted  that  this  parameter  varies  widely  among  animals. 

McRee  et  al.  (1980)  did  hematologic  and  clinical-chemistry  evaluations 
of  the  same  animals  (in  another  laboratory)  shortly  after  completion  of 
exposure  and  1  month  later,  at  which  time  the  animals  were  euthanized 
and  necropsies  were  performed.  Again,  the  mean  eosinophil  percentage  at 
completion  of  exposure  was  lower  for  the  RFR-  than  sham-exposed  rabbits; 


h<>we  v e  t  .  there  was  no  significant  eosinophil  depression  1  mon  t  h  after 
exp  sure  Regarding  .  1  1 n i  a  1  <  hem i s t  r v  values,  the  on  1 v  statistically 
significant  results  at  <•  ot..p  let  ion  of  exposure  were  increases  in  albumin 
and  a  1  i  um  However,  1  montti  after  completion  of  exposure,  the  mean 
'  >tal  gl  bulin  percentage  had  increased  and  the  me  an  albumin  percentage 
h  a  1  1 e  teased,  both  nonsignifi  antiv,  but  the  ratio  of  t  he  latter  to  the 

!  r  ".e  r  s  h  'Wed  a  statist  i  al.y  significant  decrease 

A’  -ie  r  [  sv  ti  ss'ce  examinations  s  flowed  no  lesions  attributable  to  R  FR 
exp  >*  .re  >amples  -  f  ip>m  «  i  ssue  were  ulture.i,  stimulated  with  the 
l  ’  gens  IMA,  ■  n  A  .  >  r  p- ice  weed  mitogen  i  f’MW  a  m  i  t  ogen  that  stimulates 

•  *  h  r  and  R  1  vmpfio-  vt  es  •  .  ea  ti  ir  three  different  'incent  rat  ions,  and 
assessed  f  r  response  b v  upt  axe  of  tritiated  t  h vm i d i ne  Power  responses 
f  r  i  tie  RPR  exposed  animals  were  obtained  w  i  t  fi  ail  three  mitogens,  but 
•fie  1  if  ferxn  es  were  statistically  signif  r  ant  >n  1  v  for  1'HV  (at  all 

•  ’  r  e  e  n  e  n  t  r  a  t  l  ■  ■  n  s 

Smial  w  i  r  et  al  i  )  'fa  ■  exposed  rats  to  •<  R  <  \  H  /  RP'R  at  R  mW/sq  cm 

f  ■  r  *«  h  r  lav,  ’  lavs  week  .  on  lav  6  of  pregnancy  until  term  On  h  i  r  t  fi  , 
pups  were  exposed  unt  il  age  20  days,  then  half  of  these  were  exposed 
irOil  age  lavs  Cot  respond i ng  numbers  of  pregnant  rats  and  pups  were 

sham  exposed  f  r  controls  The  mean  SARs  for  t  fie  pups,  determined  by 
twin  well  a  1  o  r  imet  r  y  .  decreased  witti  age  ft”m  *  1  to  0  '  W/kg  due  to 

growth  p  food  counts  were  made  at  ages  20  and  40  days,  and  blastogenic 
resp  nses  of  blood  and  lymph  node  lymphocytes  were  determined  by  mpasur 
mg  '1(1  take  of  tritiated  tfiymidine  atter  stimulation  of  cell  cultures 
with  T  and  B  cell  mitogens.  Two  such  experiments  with  distinct  expo 
sure  arrangements  were  performed.  The  mean  leukocyte  counts  at  20  days 
were  found  to  be  significantly  lower  for  the  RFR-exposed  pups  than  for 
the  controls  In  the  first  experiment  but  not  in  the  second,  and  the  val 
ues  were  not  significantly  different  from  controls  at  40  days  in  either 
experiment.  The  results  for  the  mi t ogen- st  imu 1  at ed  cultures  were  widely 
scattered,  with  no  consistent  pattern  evident.  Increases  in  thymidine 
uptake  were  seen  in  several  cases,  mostly  for  the  cultures  from  the  40- 
day  old  rats;  such  results  are  difficult  to  interpret  because  the  mean 
SAR  had  dropped  by  more  than  a  factor  of  two  relative  to  that  at  age  20 
days,  and  by  a  factor  of  five  since  the  first  few  days  of  exposure. 

Galvin  et  al.  (1984)  exposed  groups  of  12  pregnant  CD-I  mice  to  2.45- 
GHz  CW  RFR  at  30  mW/sq  cm  (22  W/kg)  for  8  hr/day  during  gestation  days 
1-6  ( pre impl ant  at  ion  embryogenes is )  or  6-15  (organogenesis),  to  study 
the  effects  of  such  exposure  on  hematopoiesis  during  these  periods.  The 
exposures,  performed  in  an  anechoic  chamber  at  an  ambient  temperature  of 
22  deg  C  and  55X  relative  humidity,  produced  a  mean  rectal-temperature 
increase  of  2  deg  C.  Therefore,  a  group  was  sham-exposed  at  32  deg  C 
and  55X  humidity  to  obtain  a  comparable  rise  in  rectal  temperature,  and 
a  control  group  was  sham-exposed  at  22  deg  C. 

On  gestation  day  18,  the  authors  obtained  samples  of  peripheral  blood 
from  the  tail  and  bone  marrow  from  the  sternum  and  assayed  the  blood 
samples  for  total-leukocyte  and  differential-leukocyte  counts  and  the 
bone-marrow  samples  for  erythroid-  and  myeloid  mitotic  indices.  They 


found  no  significant  differences  in  hemopoietic  results  between  the  two 
sham  groups  or  between  the  RFR  and  sham  groups. 

Smialowicz  et  al  (1981b)  performed  a  study  having  several  biological 
endpoints  They  exposed  20  time-bred  pregnant  rats  to  100-MHz  CV  RFR  in 
a  t ransmiss ion- 1  ine  system  at  about  22  deg  C  ambient  temperature  and  50X 
relative  humidity  for  4  hr  daily  from  day  6  of  pregnancy  to  parturition. 
Jn  birth,  four  male  pups  of  each  litter  were  exposed  for  4  hr  each  day 
of  the  first  14  days  at  27  deg  C  (approximate  nest  temperature)  and  then 
at  22  deg  C  for  the  remainder  of  the  exposure  regimen.  Two  pups  of  each 
exposed  litter  were  removed  for  tests  at  age  20-22  days  and  a  third  pup 
at  *0-**2  days;  the  remaining  pup  was  exposed  until  91  days  of  age.  The 
SARs  varied  with  body  mass,  with  the  mean  ranging  from  2.02  W/kg  for  the 
pregnant  dams  to  2  96  W/kg  for  the  neonatal  rats,  and  intermediate  SARs 
for  the  pups  as  they  grew.  Another  group  of  20  pregnant  rats  and  their 
pups  were  sham-exposed  but  otherwise  similarly  treated. 

The  blood  samples  taken  at  ages  22  and  42  days  showed  no  significant 
differences  between  RFR-  and  sham-exposed  rats  in;  erythrocyte  and 
leukocyte  counts,  differential  counts  of  lymphocytes,  macrophages,  and 
polymorphonuclear  cells;  hematocrit;  or  hemoglobin.  There  were  also  no 
significant  differences  in  lymphocyte  response  to  stimulation  by  T-  or 
B-cell  mitogens.  The  pups  removed  at  age  22  days  were  immunized  with 
purified  pneumococcal  po 1 ysacchar  ide ,  and  blood  samples  taken  5  days 
later  were  assayed  for  serum  antibody  titers.  The  differences  between 
samples  from  RFR  and  sham-exposed  pups  were  not  significant. 

During  the  exposure  regimen,  the  mean  body  weight  of  RFR  exposed  pups 
was  consistently  larger  than  for  the  sham-exposed  pups  at  corresponding 
ages,  but  the  differences  were  generally  nonsignificant.  Differences  in 
ages  for  startle  response  and  righting  reflex  were  also  nonsignificant, 
as  were  locomotor  activity  in  a  residential  maze  at  ages  35  and  84  days. 
However,  the  mean  age  for  complete  opening  of  both  eyes  of  RFR-exposed 
pups  was  almost  1  day  older  than  for  sham-exposed  pups,  a  finding  that 
was  consonant  with  the  larger  sizes  of  the  RFR-exposed  pups. 

At  90  days  of  age,  each  RFR-  and  sham-exposed  rat  (male)  was  mated 
with  a  pair  of  normal,  virgin,  unexposed  females  for  1  week.  Dominant 
lethal  assays  of  the  females  11  days  later  yielded  no  significant 
differences  in  pre implantat ion  losses  or  the  numbers  of  live  fetuses 
between  the  two  groups,  indicating  that  RFR-exposure  of  the  males  was 
not  mutagenic. 

Regional  brain  weights  of  rats,  determined  at  ages  22,  40,  and  90 
days,  showed  that  the  mean  weight  of  the  medulla  oblongata  of  the  RFR- 
exposed  rats  was  significantly  larger  than  for  the  sham-exposed  rats  at 
age  40  days  but  not  at  22  or  90  days.  No  other  significant  regional- 
brain-weight  differences  were  found.  Acetylcholinesterase  (AChE) 
activity  was  lower  in  the  striatum  and  medulla  of  the  22-day-old  RFR- 
exposed  rats  and  in  the  midbrain  of  the  40-day-old  rats,  but  no 
significant  differences  in  AChE  activity  were  found  in  any  brain  region 
of  the  97-day-old  rats.  The  authors  surmised  that  these  transient 
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changes  may  have  been  due  to  local  alterations  of  cation  concentrations. 

Smialowicz  et  al.  (1981d)  exposed  16  rats  individually  in  circularly 
polarized  waveguides  to  970-MHz  RFR  for  22  hr/day  at  2.5  W/kg  for  69-70 
consecutive  days.  Another  group  of  16  rats  was  similarly  sham-exposed. 
Blood  samples  were  taken  from  eight  rats  of  each  group  on  day  69,  after 
which  the  rats  were  euthanized  and  their  spleens  were  removed.  The 
remaining  rats  were  treated  in  the  same  manner  on  day  70. 

There  were  no  significant  differences  between  RFR-  and  sham-exposed 
rats  in  erythrocyte  count,  leukocyte  count,  mean  cell  volume  of  erythro¬ 
cytes,  hematocrit,  or  hemoglobin  concentration,  or  in  differential 
leukocyte  counts  of  lymphocytes,  monocytes,  eosinophils,  or  polymorpho¬ 
nuclear  leukocytes.  Also,  spleen  cells  removed  from  the  RFR-  and  sham- 
exposed  rats  and  cultured  with  various  mitogens  did  not  show  any  signi¬ 
ficant  differences  in  responses.  However,  blood  serum  chemical  analysis 
showed  levels  of  triglyceride,  albumin,  and  total  protein  concentration 
that  were  significantly  higher  for  the  RFR-exposed  group.  The  higher 
levels  of  albumin  and  protein  concentration  were  within  the  normal  ran¬ 
ges  for  this  strain  of  rat  and  were  not  consonant  with  the  absence  of 
changes  in  erythrocyte  assays,  indicating  that  the  rats  may  have  been 
dehydrated.  The  authors  noted  that  an  SAR  of  2.5  W/kg  is  about  half  the 
basal  metabolic  rate  of  an  adult  rat,  and  suggested  that  the  increases 
in  triglyceride  level  may  have  been  due  to  thermal  stress  induced  by  the 
exposure  to  RFR.  At  970  MHz,  there  probably  were  regions  within  the  rat 
where  the  local  SARs  were  much  larger  than  2.5  W/kg,  and  such  higher 
SARs  could  have  affected  the  endocrinological  system  of  the  rat  (see 
Sect  ion  3.6.2). 

Smialowicz  et  al.  (1982a)  exposed  pregnant  rats  to  425-MHz  CW  RFR 
within  a  temperature-controlled  multimode  rectangular  strip  transmission 
line  for  4  hr/day  from  day  12  of  gestation  to  parturition.  Four  male 
pups  born  to  each  dam  were  then  exposed  for  20-21  days  of  age,  at  which 
time  2  pups  per  litter  were  bled  and  euthanized.  The  remaining  2  pups 
per  litter  were  exposed  until  40-41  days  of  age,  bled,  and  euthanized. 
The  SARs  ranged  from  3.1  to  6.7  W/kg.  Equal  numbers  of  dams  and  pups 
were  sham-exposed.  At  selected  times,  rats  were  weighed  to  determine  if 
the  RFR  exposure  affected  growth.  There  were  no  significant  differences 
in  pup  weight  at  each  age. 

The  blood  samples  collected  were  assayed  for  erythrocyte  count,  total 
and  differential  leukocyte  counts,  mean  cell  volume  of  erythrocytes, 
hematocrit,  and  hemoglobin  concentration.  No  consistent  changes  in  the 
peripheral  blood  picture  were  observed  between  RFR-  and  sham-exposed 
rats.  Cultures  of  blood  and  lymph-node  lymphocytes  were  stimulated  with 
the  T-cell  mitogen  phytohemagglutinin  (PHA)  or  concanavalin  A  (Con  A), 
or  with  the  B-cell  mitogen  1 ipopolysaccharide  of  E.  coli  (LPS)  or 
purified  protein  derivative  of  tuberculin  (PPD),  or  with  nonspecific 
pokeweed  mitogen  (PWM),  each  in  several  concentrations.  Tritiated 
thymidine  was  added  to  each  culture  24  hr  before  harvesting  and  its 
uptake  in  DNA  as  a  measure  of  cell  proliferation  was  determined  by 
liquid  scintillation  counting. 
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In  two  experiments,  the  results  for  RFR-exposed  pups  showed  consis¬ 
tently  significant  increases  in  stimulated  lymph-node  lymphocytes  for 
all  the  mitogens,  but  nonsignificant  changes  for  blood  lymphocytes. 

Also,  the  nonst imulated  cultures  did  not  yield  significant  differences 
between  the  RFR-  and  sham-exposed  pups.  However,  the  results  for  a  rep¬ 
licate  of  the  two  experiments  showed  no  significant  differences  between 
RFR-  and  sham-exposed  rats  in  lymph-node  lymphocytes;  the  only  signifi¬ 
cant  result  was  an  increase  of  PHA-st imulated  blood  lymphocytes  for  pups 
40-41  days  old. 

Smialowicz  et  al.  (1982b)  exposed  5x5  arrays  of  time-bred  pregnant 
mice  to  2.45-GHz  CW  RFR  at  28  mW/sq  cm  (16.5  W/kg)  for  100  min  daily 
from  day  6  to  day  18  of  pregnancy.  At  3  and  6  weeks  of  age,  the  off¬ 
spring  were  assessed  for  development  of  primary  immune  response  to  SRBC; 
lymphocyte  proliferation  by  in-vitro  stimulation  with  PHA,  Con  A,  PWM, 
and  LPS;  and  natural  killer  (NK)  cell  activity  against  subline  YAC-1 
lymphoma  cells  in  vitro.  No  consistent  significant  difference  between 
RFR-  and  sham-exposed  mice  was  observed  in  any  of  the  endpoints. 

Deschaux  et  al.  (1984)  discussed  two  experiments  in  which  they  exposed 
male  BALB/c  mice  within  individual  containers  concurrently  in  groups  of 
20  to  2.45-GHz  CW  RFR  at  5,  10,  15,  or  20  roW/sq  cm  (5,  7.5,  11,  or  14 
W/kg)  4  hr/day  for  4  days  within  an  anechoic  chamber  under  controlled 
environmental  conditions.  Such  exposures  yielded  no  significant  core¬ 
temperature  increases.  Other  groups  were  similarly  sham- exposed .  After 
treatment,  the  mice  were  euthanized  and  spleen  lymphocytes  were  assayed 
for  T-cell  cytotoxicity  against  syngene ic-v i rus-SV40- induced  mouse 
sarcoma  and  for  NK-cell  activity  against  human  B16-roelanoma  cells. 

Both  experiments  yielded  a  significant  decrease,  relative  to  controls, 
in  T-cell  cytoxicity  against  SV40  sarcoma  for  exposure  at  20  mW/sq  cm 
(14  W/kg)  but  not  at  the  lower  power  densities.  By  contrast,  both 
experiments  showed  a  significant  increase  in  NK-cell  activity  against 
melanoma  cells  for  exposure  at  15  mW/sq  cm  ()1  W/kg)  but  not  at  20,  10, 
or  5  mW/sq  cm  (14,  7.5,  or  5  W/kg).  The  authors  noted  that  cytotoxic  T 
cells  react  preferentially  against  histocorapat ible  target  cells,  whereas 
NK-cell  activity  appears  to  be  independent  of  antigenic  sensitization. 
However,  they  did  not  offer  any  comments  on  why  the  increase  in  NK-cell 
activity  occurred  at  15  mW/sq  cm  but  not  at  the  higher  or  lower  levels. 

Smialowicz  et  al.  (1982c)  exposed  groups  of  female  BALB/C  mice  to 
either  CW  or  pulse-modulated  (1-ras  pulse  width,  250  pulses/s)  425-MHz 
RFR  in  a  rectangular  strip-transmission  line  at  average  forward  powers 
of  78,  17.7,  or  5  W  for  CW  and  17.7,  5,  or  1.25  W  for  pulse  modulation. 
For  a  forward  power  of  70  W,  the  mean  SAR,  measured  by  twin-well  calori¬ 
metry,  was  7.7  W/kg.  No  differences  in  the  mitogen-stimulated  response 
of  lymphocytes  or  in  the  primary  antibody  response  to  sensitization  with 
polyvinylpyrrolidone  (PVP)  or  SRBC  were  observed  between  RFR-  and  sham- 
exposed  mice,  nor  between  mice  exposed  to  CW  and  pulse-modulated  RFR. 

Smialowicz  et  al.  (1983)  sham-exposed  or  exposed  mice  for  1.5  hr/day 
on  2  or  9  consecutive  days  in  diamond  arrays  of  4  mice  each  to  2.45-GHz 
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CW  RFR  at  5,  IS,  or  30  mW /sq  cm  (  3  .  S  ,  10  S,  or  21  W/  kg  '  .  Hydrocortisone 

or  saline  was  injected  in  mice  for  positive  controls.  Spleen  cells  fit 
treated  mice  were  assayed  in  vitro  for  NX -cell  activity  bv  cvtotoxi.  ; t  v 
against  C r - S 1  -  1 abe 1 ed  mouse  lymphoma  lYAC-i'  ceils  Signifi  ant  but 
transient  suppression  of  NK-cell  activity  was  observed  for  mi.e  exposed 
at  30  mW/sq  cm  i  2 1  W/kg)  but  not  at  Is  or  s  mU  sq  cm  10  s  or  1  '  U  »|i 
NK-cell  activity  returned  to  normal  within  2*  tir  after  the  last  exp'S.re 
to  RFR .  In-vivo  NK-cell  activity,  determined  bv  injecting  mice  with  1 
125- labeled  YAC- 1  cells  and  measuring  tumor  cell  clearance  from  lungs 
and  spleens,  was  suppressed  in  mice  exposed  at  <0  mW  sq  m  2 1  W  kg  , 
with  return  to  normal  several  days  after  t  tie  last  exposure  Ir.'ect  i  or 
of  hvdrocort  isone  caused  suppression  of  NK  ceil  activity  both  in  v  :  t  r 
and  in  vivo. 

Spleen-cell  suspensions  were  also  stimulated  w i t h  FMA .  1FS.  and  FWM  . 
and  the  amoun ts  of  tritiated  thvmidine  into  DN  A  were  determined  There 

were  no  consistent  differences  in  mitogenic  response  between  RFR  and 
sham -exposed  mice  The  phagocvtotic  capabilities  of  resident  peritonea, 
macrophages  against  chicken  erythrocytes,  determined  immediately  after 
last  exposure,  were  enhanced  for  mice  exposed  at  Ul  mW  sq  m  21  W  kg 

Yang  et  al.  1(983)  concurrently  sham  exposed  and  exposed  groups  of 
hamsters  to  far-field  2.‘*c'-GHz  CW  RFR  at  1  ^  mW  sq  cm  P  0  W  kg  for  1 
hr/dav  on  S  successive  days  or  once  for  1  fir  at  2^  mW.  sq  cm  ■  1  '  1  W  kg 
in  an  anechoic  chamber  at  an  ambient  temperature  of  22  *>  deg  C  and  ^  ^ » 
relative  humidity.  Some  groups  given  the  five  successive  daily  sham 
exposures  or  exposures  at  15  mW/sq  cm  were  i  nt rape r 1 1 onea 1 1 y  immunized 
with  vaccinia  virus  immediately  after  the  second  exposure  Some  groups 
given  the  single  exposure  were  immunized  «*  days  before  exposure  Other 
groups  were  not  immunized.  After  exposure,  populations  of  NK  cells  were 
prepared  from  the  spleens  of  the  hamsters  and  tested  as  effector  cells 
against  targets  consisting  of  Cr- 5 1  -  1 abe 1 ed  cultures  of  baby  hamster 
kidn*y  (BHK)  cells,  BHK  cells  infected  with  herpes  simplex  virus  (BHK- 
H),  transformed  hamster  embryo  fibroblasts  (PARA-7),  or  PARA-7  cells 
infected  with  herpes  (PARA-7-H),  using  gamma  counting  for  the  assays. 

The  multiple  exposures  at  15  mW/sq  cm  (8.0  W/kg)  had  no  significant 
effect  on  natural  levels  of  spleen-cell  NK  activity  against  BHK  targets. 
Similarly,  repeated  exposure  at  15  mW/sq  cm  over  a  5-day  period  did  not 
have  any  demonstrable  effect  on  the  induction  of  spleen  NK  activity  by 
vaccinia-virus  immunization;  comparable  levels  of  NK  activity  were 
induced  in  untreated  and  RFR-exposed  animals. 

By  contrast,  the  single  exposures  at  25  mW/sq  cm  (13.3  W/kg)  caused  a 
significant  suppression  in  induced  spleen  NK  activity.  Similar  but  less 
marked  decreases  in  NK  activity  were  seen  in  the  sham-exposed  animals. 
Moreover,  the  effects  of  sham-exposure  were  not  predictable  and  appeared 
to  represent  large  individual  animal  variations  in  response  to  stress 
factors.  Depressed  spleen  NK  activity  was  evident  as  soon  as  4  hr  post- 
RFR  treatment  and  returned  to  normal  levels  by  8  hr. 

Core  temperatures  were  measured  in  hamsters  under  various  conditions, 
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A;  t  ivat  cd  raicrophdgfs  f  r.'ffi  v<oc  in  1  a  imroun  1  hamsters  did  n,'t  1  ;  t  f  e  r  .  r 
their  viricidal  activity  for  r.amsters  that  were  RFR  v't  sham  exposed 

Average  maximum  core  temperatures  in  the  2  raW  sq-oro  ill  1  V  kg  '  and 
sham  groups  were  *.0 .  b  deg  C  and  38  .  •*  deg  C,  respectively  Heating  of 
macrophages  in  vitro  to  -»0.5  deg  C  was  not  as  effective  as  exposure  to 
RFR  in  vivo  in  activating  macrophages  ..  o  the  viricidal  state 

The  macrophages  from  min ima 1 1 y- hand  1 ed ,  sham-exposed,  and  RFR-exposed 
hamsters  were  not  morphologically  different  from  one  another,  and  they 
all  phagocytosed  India-ink  particles.  Moreover,  the  cytotoxicity  of  the 
macrophages  from  vacc inia- immunized  hamsters  for  v i rus- inf ec t ed  or 
noninfected  target  cells  was  not  suppressed  in  the  2f>-mW/sq-cm  group 
relative  to  sham-exposed  controls,  an  indication  that  the  peritoneal 
macrophages  were  not  functionally  suppressed  or  injured  by  RFR-induced 
hyperthermia . 

The  comparisons  of  minimum-handling  groups  with  sham-exposed  groups  by 
Yang  et  al .  (1983)  indicated  that  the  sham-exposed  and  RFR-exposed  ham¬ 
sters  were  subjected  to  some  degree  of  non-RFR- re  1 ated  stress  that  prob¬ 
ably  affected  the  functions  of  their  immune  systems,  but  to  extents  that 
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quantify.  This  statement  also  applies  to  the  study  by 
a-r.a  R  a ..  et  a.  .•38  3  '.  For  this  reason,  the  effects  of  RFR-exposure 
.  e :  s?  .  r.  tot  r.  studies  must  be  deduced  from  comparisons  of  the  results 
::.m  t  r.e  RFR-  and  sham-exposed  animals  only,  under  the  tacit  assumption 
t  ne ;  r  nor. -RFR  stresses  were  comparable.  On  this  basis,  the  results 
r.  FM  viricidal  activity,  against  vaccinia,  of  nonimmunized  hamsters  ex¬ 
posed  at  mW  sq  cm  (13.3  W/kg)  and  the  lack  of  effect  at  15  mW/sq  cm 
8  1  W  ng  appear  unequivocal. 

Rama  Ra.  et  ai.  (1984)  also  found  that  exposure  of  hamsters  to  2.45- 
.'Hc  RFR  at  15  mU/sq  cm  (13.3  W/kg)  for  1  hr  activated  peritoneal  raacro- 
r.ages  to  a  viricidal  state  that  aborted  vesicular  stomatitis  virus 
vsv  1  m  vitro  and  rendered  hamsters  more  resistant  to  in-vivo  lethal 
f.a  .  1  enge  with  VSV  . 

Rama  Rau  et  al.  (1985)  studied  the  effects  of  single  exposure  of 
groups  of  0  hamsters  each  for  1  hr  to  2.45-GHz  RFR  at  0,  5,  10,  15,  or 
t.W,  sq  cm  (0,  2.7,  5.3,  8.0,  or  13.3  W/kg)  on  the  IgM-antibody  re¬ 
sponse  of  spleen  cells  to  SRBC.  Some  RFR-  and  sham-exposed  groups  of 
hamsters  were  immunized  by  injection  with  SRBC  immediately  after  treat¬ 
ment.  for  comparison,  other  groups  were  injected  with  saline.  Four  days 
after  injection  of  SRBC  or  saline,  the  spleens  were  removed  and  assayed 
for  I gM- ant i body  p 1 aque- forming  cells  (PFC). 

The  sa 1 ine- inj ected  sham-  and  25-mW/sq-cm  (13.3-W/kg)  groups  yielded 
no  PFC;  however,  the  PFC  for  the  SRBC- inj ected  25-mW/sq-cm  (13.3-W/kg) 
group  were  about  threefold  higher  than  for  the  SRBC- inj ected  sham- 
exposed  group.  At  5  and  10  mW/sq  cm  (2.7  and  5.3  W/kg),  there  were  no 
significant  differences  in  PFC  between  SRBC- inj ected  RFR-  and  sham- 
exposed  groups.  At  15  mW/sq  cm  (8.0  W/kg),  however,  the  PFC  for  the  RFR 
group  were  about  35Z  higher  than  for  the  sham  group,  a  significant  rise. 

In  another  experiment,  PFC  assays  were  performed  for  SRBC- inj ected  25- 
mW/sq-cm  and  sham-exposed  groups  on  successive  days  after  exposure.  PFC 
levels  for  the  sham  group  were  highest  between  days  4  and  5  and  returned 
to  baseline  values  by  day  9.  For  the  RFR  group,  the  levels  of  PFC  were 
elevated  significantly  only  on  days  4  and  5.  Thus,  the  RFR  augmented 
the  IgM-antibody  response  to  SRBC  but  not  its  onset  or  duration.  In  an 
analogous  experiment,  the  period  between  exposure  and  injection  with 
SRBC  was  varied.  Significantly  higher  PFC  levels  were  found  for  those 
injected  as  long  as  4  days  after  exposure  at  25  mW/sq  cm  (13.3  W/kg'. 

In  a  converse  experiment,  exposures  at  25  mW/sq  cm  (13.3  W/kg)  were  done 
immediately,  and  on  days  0.5,  1,  2,  3,  and  4,  after  SRBC  injection.  3  • 
results  showed  maximum  PFC  level  for  immediate  exposure  and  a  monot  r. 
decrease  in  level  to  baseline  for  exposure  on  day  4. 

For  1-hr  exposure  at  25  mW/sq  cm,  the  mean  core  temperature  was  - 
deg  C.  Sham-exposure  yielded  a  mean  core  temperature  of  38  ->  deg 
ascertain  whether  the  results  above  were  thermally  induced,  a  gr 
hamsters  was  exposed  for  1  hr  in  an  environmental  chamber  t  a- 
temperature  of  41  deg  C,  which  yielded  a  mean  core  temperature 
deg  C,  and  another  group  was  exposed  to  37  deg  C  (result  mg  r 


\  * 


JD-A183  672  CRITIQUE  OP  THE  LITERATURE  ON  BIOEFFECTS  OF 

RADIOFREQUENCV  RADIATION  A  CO  CU>  SRI  INTERNATIONAL 
HENLO  PARK  CA  L  N  HEVNICK  JUN  87  USAFSAM-TR-87-3 
UNCLASSIFIED  F22615-82-C-0610  F/G  6/7 


temperature  not  stated).  The  hamsters  were  injected  with  SRBC  right 
after  treatment  and  as  before,  their  spleens  were  assayed  for  PFC  4  days 
later.  The  mean  PFC  levels  for  the  41-deg-C  and  37-deg-C  groups  were 
higher  than  the  mean  control  level  by  factors  of  about  2.27  and  1.52, 
respectively,  with  both  differences  significant,  thus  supporting  the 
thermal  hypothesis. 

In  the  first  of  three  studies,  Ortner  et  al.  (1981a)  concurrently 
exposed  rats  in  groups  of  8  to  2.45-GHz  CW  RFR  for  8  hr  at  2  or  10  raW/sq 
cm  (0.44  or  2.2  W/kg).  Within  5-15  min  after  exposure,  6  of  the  8  rats 
of  each  group  were  decapitated,  and  peritoneal  mast  cells  were  extracted 
and  divided  into  two  equal  subgroups,  one  subgroup  for  determining  the 
histamine  release  from  mast  cells  induced  by  Con  A  and  the  other  for  the 
histamine  release  induced  by  compound  48/80  (a  condensation  product  of 
p-raethoxy-N-methyl  phenethylamine  and  formaldehyde). 

Histamine  secretion  was  determined  as  the  percentage  released  into 
each  supernatant  based  on  the  total  histamine  originally  present  in  each 
aliquot  of  cells.  Cell  viability  was  determined  as  the  percentage  of 
peritoneal  cells  that  excluded  trypan  blue.  The  percentage  of  mast 
cells  was  calculated  by  counting  those  stained  metachromatically  with 
toluidine  blue.  The  average  mast-cell  size  for  each  group  was  measured 
microscopically  with  an  eyepiece  micrometer  grating. 

The  results  for  several  mast-cell  parameters  showed  no  significant 
differences  among  the  groups  exposed  at  0,  2,  and  10  mW/sq  cm  in 
percentage  of  cell  viability,  percentage  of  cells,  amount  of  histamine 
per  cell,  and  cell  diameter  (about  12.5  microns,  with  a  range  18-10 
microns).  These  findings  were  in  accord  with  previous  in-vitro  RFR  data 
(Sawicki  and  Ostrowski,  1968;  Ortner  and  Galvin,  1980).  The  authors 
noted  that  the  absence  of  effect  on  toluidine  blue  metachromasia  or 
histamine  content  per  cell  indicated  that  normal  uptake,  metabolism,  and 
storage  of  histamine  and  heparin  were  unimpaired,  a  finding  contrary  to 
that  of  Sawicki  and  Ostrowski  (1968),  who  reported  reduced  metachromasia 
after  10  min  of  in-vitro  exposure  through  air  at  3  mW/sq  cm.  Ortner  et 
al.  (1981a)  never  found  giant  mast  cells  (30-48  microns  in  diameter),  an 
effect  reported  by  Valtonen  (1966a,  1966b)  for  RFR  close  to  the  LD-50 
level.  The  absence  of  this  effect  was  in  agreement  with  the  in-vitro 
findings  of  Sawicki  and  Ostrowski  (1968)  and  Ortner  and  Galvin  (1980), 
leading  Ortner  et  al.  to  suggest  that  this  effect  may  only  occur  in  vivo 
under  conditions  approaching  lethality. 


The  other  two  rats  of  each  group  were  anesthetized  with  pentobarbital 
immediately  after  RFR-  or  sham-exposure  and  their  aortas  were  cannulated 
for  blood-pressure  measurements.  Blood  pressures  and  heart  rates  were 
recorded.  After  stabilization  (1  hr),  48/80  was  injected  intravenously 
simultaneously  into  both  rats  and  they  were  monitored  for  2  hr.  The 
authors  stated:  "The  initial  blood  pressures  and  heart  rates  did  not 
differ  between  the  control  and  irradiated  groups.  The  hypotensive 
response  to  48/80  varied  among  the  individuals;  however,  there  were  no 
significant  differences  due  to  irradiation  of  the  animals." 


383 


The  second  study,  by  Abhold  et  al.  (1981),  was  on  the  effects  of  RFR 
exposure  on  thyroid  and  adrenal  hormones,  and  is  discussed  in  Section 
3.6.2.  In  the  third  study,  Galvin  et  al.  (1982b)  similarly  exposed 
groups  of  rats,  after  which  the  rats  were  decapitated  and  blood  samples 
were  collected  for  determination  of  hematocrit,  hemoglobin,  red  and 
white  cell  count,  and  differential  white  cell  percentages.  The  total 
red  and  white  cell  counts  were  not  affected  by  8-hr  exposure  at  either  2 
or  10  mW/sq  cm  (0.44  or  2.2  W/kg),  nor  were  blood-hemoglobin  levels  or 
percentages  of  lymphocytes  and  neutrophils  relative  to  those  of  the  sham 
group.  The  other  cell  types  were  also  unchanged  by  RFR.  None  of  the 
serum  biochemistries  assayed  (beta-glucuronidase,  alkaline  phosphatase, 
total  protein  concentration,  lactic  dehydrogenase  activity,  sodium  and 
potassium  concentrations,  and  cholinesterase),  was  affected  by  either 
RFR  level. 

Wong  et  al.  (1985)  noted  that  relatively  few  studies  had  been  con¬ 
ducted  in  the  HF  band  (3-30  MHz),  that  most  such  studies  indicated  that 
for  acute  exposure,  thermogenic  levels  of  RFR  were  necessary  to  obtain 
significant  effects,  but  that  possible  effects  of  prolonged  exposure  to 
low  levels  of  RFR  in  this  frequency  range  were  not  investigated.  Toward 
the  latter  purpose,  they  conducted  a  study  consisting  of  two  experiments 
with  rats,  using  a  large  rectangular  TEM  chamber  (4.75  x  9.25  x  30  ft) 
with  6-ft  center  conductor  (Mitchell,  1970)  that  was  driven  at  20  MHz. 

In  Experiment  1,  200  male  Sprague-Dawley  rats  (280-300  g)  were  divided 
into  40  groups  of  5  rats  each,  with  each  group  housed  in  a  conventional 
plastic  cage  (55  x  31.5  x  20  cm)  with  wire-mesh  top.  Of  these  groups, 

20  were  randomly  selected  and  concurrently  exposed  to  the  20-MHz  RFR  for 
6  hr/day,  5  days/week,  with  the  other  20  groups  as  controls.  The  cages 
(each  containing  5  rats)  were  spaced  30  cm  apart  within  the  TEM  chamber 
and  were  periodically  rotated  through  each  position.  During  nonexposure 
periods,  the  rats  were  allowed  access  to  food  and  water  ad  libitum.  For 
exposure,  the  water  bottles  were  removed,  the  conventional  wire  tops  of 
the  cages  were  replaced  with  plastic-screen  tops,  and  halved  apples  were 
provided  instead  of  food  and  water.  The  100  control  rats  were  treated 
similarly  except  for  being  loaded  onto  a  holding  rack  just  outside  the 
TEM  chamber  during  the  exposure  periods.  After  8  days  of  exposure,  6 
cages  each  of  exposed  and  control  rats  were  terminated  and  samples  were 
taken;  this  procedure  was  repeated  for  7  cages  of  each  after  22  days  of 
exposure  and  for  7  cages  of  each  after  39  days  of  exposure.  In  each 
procedure,  the  cages  removed  were  replaced  with  empty  cages. 

In  Experiment  2,  24  rats  of  about  the  same  age  and  size  as  in  Experi¬ 
ment  1  were  randomly  divided  into  control  and  exposed  groups  of  12  each, 
but  each  rat  was  housed  in  a  separate  cage  and  all  of  them  were  termin¬ 
ated  and  sampled  after  a  6-week  exposure  schedule. 

Power  measurements  were  performed  with  an  NBS  10-cra  dipole  and  NBS 
loop  antennas.  Measurements  within  the  TEM  chamber  at  each  of  the  20 
cage  sites  with  empty  cages  at  the  other  19  sites  yielded  an  average 
vertical  E  field  of  2686.5  +/-  163.6  (SD)  V/ra,  from  which  the  calculated 
incident  power  density  was  1920  mW/sq  cm.  SAR  measurements  for  live 


moving  rats  could  not  be  made  because  of  the  low  absorption  rate,  but 
from  Durney  et  al.  (1980),  the  authors  calculated  that  the  SARs  for  a 
320-g  rat  exposed  at  1920  mV/sq  cm  are  0.12,  0.17,  and  2.49  U/kg  in  the 
H- ,  K-,  and  E-polarizations,  respectively.  The  rats  showed  no  prefer¬ 
ence  between  the  H-  and  K-polarizations,  but  they  spent  less  than  5X  of 
the  exposure  time  upright  (E-polarization).  On  this. basis,  the  time- 
averaged  maximum  SAR  was  calculated  to  be  0.26  V/kg  for  individual  rats 
and  0.3  W/kg  for  the  worst-case  huddling  of  the  5  rats  in  a  cage. 

Blood  was  collected  from  the  rats  by  cardiac  puncture  under  anesthesia 
in  standard  2-ml  EDTA-containing  tubes.  Counts  of  RBCs  and  VBCs  and 
hemoglobin  concentrations  were  determined.  Measurements  of  packed  cell 
volumes  were  done  for  blood  in  heparinized  microhematocrit  tubes,  and 
methemoglobin  concentration  was  assayed.  Hypotonic  lysis  was  used  to 
determine  RBC  fragility.  Blood-chemistry  assays  were  done,  including 
serum  Na,  K,  and  Ca;  alkaline  phosphatase;  bilirubin;  creatinine;  and 
serum  glutamic  pyruvic  transaminase  (SGFT). 

The  spleens  were  excised  and  extraneous  tissues  were  removed  before 
weighing.  Cells  were  collected  into  Hanks'  balanced  salt  solution  that 
contained  Hepes  buffer.  Each  suspension  was  centrifuged  to  remove  any 
remaining  tissue.  Contaminating  RBCs  were  lysed  before  counting  the 
WBCs.  In  Experiment  2,  nonspecific  spleen-cell  chemiluminescence  was 
measured  by  liquid  scintillation  counting  after  incubating  1  ml  of 
spleen-cell  suspension  with  100  million  luminol-labeled  rat  RBCs  at  37 
deg  C. 

Four  control  rats  and  four  exposed  rats  of  each  group  in  Experiment  1 
and  three  each  control  and  exposed  rats  in  Experiment  2  were  submitted 
for  hist opat ho logy .  Tissues  from  the  upper  respiratory  passages,  lungs, 
kidneys,  liver,  lymph  nodes,  salivary  and  Harderian  glands,  eyes,  ears, 
small  and  large  intestines,  pancreas,  and  central  nervous  system  were 
examined . 

In  Experiment  1,  16  parameters  were  determined.  For  data  analysis, 
each  cage  was  considered  a  sample  unit  and  the  mean  of  each  biochemical 
or  hematological  value  for  the  rats  therein  was  regarded  as  a  single 
datum,  except  for  values  of  splenic  mass  or  splenic  white-cell  counts, 
which  were  taken  for  a  randomly  selected  rat  of  each  cage.  Nine  para¬ 
meters  were  determined  for  each  rat  in  Experiment  2.  In  Experiment  1, 
two-way  analysis  of  variance  was  used  to  compare  data  for  exposed  vs 
control  groups,  days  of  sampling,  and  group-day  interaction  (how  both 
groups  varied  over  the  sampling  period).  The  power  to  detect  a  differ¬ 
ence  of  one  standard  deviation  in  exposed  vs  control  rats  was  0.85-0.89. 
When  warranted  by  the  analysis  results,  differences  in  means  between 
exposed  and  control  values  on  specific  days  were  analyzed  by  unpaired 
Student's  t-test.  For  the  results  of  Experiment  2,  the  unpaired 
Student's  t-test  was  used. 

The  authors  stated  that  overall  differences  between  exposed  and  con¬ 
trol  mean  values  for  hematology  and  blood  chemistry  in  Experiment  1  were 
not  significant.  In  Table  1  of  the  paper,  the  mean  RBC  count  for  the 
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rats  terminated  after  39  days  of  exposure  was  significantly  higher  and 
the  mean  hemoglobin  content  was  significantly  lower  (p<0.05  by  t-test) 
than  for  the  control  group,  but  the  analysis  of  variance  revealed  that 
these  differences  could  be  ascribed  to  significant  (respectively  p<0.05 
and  p<0.025)  group-day  interactions  for  these  two  parameters.  The 
authors  stated:  "This  trend  suggested  that  significant  differences  might 
have  occurred  if  exposure  time  had  been  extended  beyond  Bay  39.  For 
this  reason,  measurement  of  these  blood  parameters  on  Day  42  of  exposure 
was  performed  in  Experiment  2.”  However,  no  significant  differences  in 
RBC  count  and  hemoglobin  content  or  in  any  of  the  other  hematology  and 
blood  chemistry  parameters  were  found  in  Experiment  2. 

In  Experiment  1,  the  differences  in  mean  splenic  mass  between  exposed 
and  control  rats  were  significant  on  Day  22  and  in  mean  ratio  of  spleen- 
to-body  mass  were  significant  on  Days  22  and  39.  However,  in  Experiment 
2,  in  which  the  spleens  and  body  masses  were  sampled  only  on  Day  42,  the 
differences  in  splenic  mass  and  spleen/body  mass  ratios  between  exposed 
and  control  groups  were  nonsignificant.  In  both  experiments,  spleen 
cell  density  did  not  differ  between  exposed  and  control  rats.  Spleen 
cell  peroxidative  activity  against  particulate  antigens,  as  determined 
by  the  chemiluminescence  assay  in  Experiment  2,  was  not  significantly 
different  in  exposed  and  control  rats. 

Regarding  histopathology,  the  authors  stated:  "Prior  to  the  initiation 
of  Experiment  1,  rats  examined  for  quality  control  were  histologically 
normal.  By  Day  8,  rats  had  minimal  to  moderate  pulmonary  congestion  and 
edema,  rhinitis,  and  peribronchiolar  and  pulmonary  perivascular  lymphoid 
proliferation.  In  addition,  emphysema  and  atelectasis  were  present  in 
some  rats  killed  on  Day  22.  No  pattern  of  lesions  was  associated  with 
irradiation.  On  Day  39,  in  a  sample  of  four  rats  examined  from  the  ex¬ 
posed  group,  the  tissues  varied  from  essentially  normal  to  those  with 
focal  disseminated  pneumonia.  The  four  control  animals  killed  on  Day  39 
had  lesions  varying  from  rhinitis  only  to  focal  disseminated  pneumonia, 
cholangitis,  and  nephritis.  Of  the  200  rats  used  in  Experiment  1,  only 
one  had  any  clinical  signs  of  illness — epistaxis.  In  Experiment  2,  the 
rats  were  histologically  normal  at  the  end  of  the  6-week  period  of 
exposure . " 

The  statistically  significant  differences  noted  above  in  splenic  mass 
and  spleen/body  mass  ratios  were  interpreted  by  the  authors  as  implying 
that  an  asynchronous  splenic  response  was  occurring  in  the  exposed  and 
control  rats.  The  histopathological  results  of  Experiment  1  indicated 
progressive  respiratory  mycoplasmosis,  a  finding  noted  by  the  authors  to 
be  apparently  contrary  to  that  of  Prausnitz  and  Susskind  (1962),  who 
reported  higher  resistance  to  spontaneous  pneumonia  in  mice  chronically 
exposed  to  9.3-GHz  pulsed  RFR. 

The  authors  presumed  that  mycoplasmosis  was  exacerbated  by  the  pre¬ 
sence  of  ammonia,  so  they  took  extraordinary  measures  to  prevent  accumu¬ 
lation  of  environmental  ammonia  in  Experiment  2,  e.g.,  the  rats  were 
housed  individually  and  the  bedding  was  changed  daily.  These  measures 
yielded  the  nonsignificant  differences  in  splenic  response  noted  above 


between  exposed  and  control  rats  as  well  as  the  absence  of  mycoplasmosis 
by  Day  42  in  these  rats.  The  authors  cautioned  that:  "Investigators 
measuring  sensitive  parameters  in  RFR  experiments  in  rats  must  be  aware 
of  the  insidious  nature  of  rat  mycoplasmosis.  In  particular,  they  must 
realize  its  widespread  latent  presence  in  commercially  available  rats 
and  its  initiation  by  mild  to  moderate  ammonia  stress." 

Guy  and  coworkers  have  conducted  a  study  in  which  100  rats  were  ex¬ 
posed  for  22  hr/day  over  their  entire  lifetimes  to  2.45-GHz  RFR  at  up  to 
0.4  W/kg  in  individual  circular  waveguides  under  controlled  environmen¬ 
tal  conditions  and  100  control  rats  were  concurrently  sham-exposed.  The 
health  of  the  rats  was  monitored,  their  longevity  was  assessed,  and 
various  biological  endpoints  were  determined  (including  immunological 
and  hematological  assays).  The  results  are  discussed  in  Section  3.5.3. 
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3.5.3  IN  VIVO  STUDIES:  EFFECTS  OF  CHRONIC  EXPOSURE  ON  HEALTH, 

LONGEVITY,  AND  RESISTANCE  TO  DISEASE 

Relatively  few  investigations  have  been  conducted  to  determine  whether 
chronic  exposure  to  RFR  affects  the  general  health  or  longevity  of  ani¬ 
mals,  or  alters  the  resistance  to,  or  the  severity  of,  diseases  acciden¬ 
tally  acquired  or  purposely  given  to  animals.  Such  studies  have  been 
difficult  to  perform,  and  consistent  or  reliable  results  have  been  hard 
to  achieve.  Representative  examples  of  such  investigations  follow. 

In  an  early  study,  Prausnitz  and  Susskind  (1962)  exposed  200  male  mice 
in  groups  of  10  for  4.5  min/day,  5  days/week,  for  59  weeks  to  9.3-GHz 
pulsed  RFR  ( 2-raicrosecond  pulses,  500  pps)  at  100  mW/sq  cm  average  power 
density,  which  caused  a  mean  body-temperature  rise  of  3.3  deg  C.  Based 
on  a  prolate-spheroidal  model  of  a  mouse  (Durney  et  al.,  1978,  pp.  97- 
99),  the  SAR  was  about  45  W/kg .  The  body-temperature  rise  sufficient  to 
cause  death  in  half  the  animals  (LD-50)  was  6.7  deg  C,  attained  in  12 
min  at  100  mW/sq  cm.  Thus,  exposure  for  4.5  min  at  this  power  density 
was  sublethal.  Controls  consisted  of  100  sham-exposed  mice. 

Among  the  results  were  liver  abcesses  in  some  mice  at  necropsy,  but 
because  some  tissues  were  lost  by  autolysis,  the  relative  incidence  in 
RFR-exposed  and  control  mice  could  not  be  determined.  Another  finding 
was  that  the  death  rate  was  greater  in  the  sham-exposed  than  in  the  RFR- 
exposed  mice;  at  completion  of  the  exposure  series,  501  of  the  control 
mice  and  65Z  of  the  RFR-exposed  mice  were  still  alive.  The  deaths  were 
attributed  to  a  pneumonia  infection  introduced  accidentally  into  the 
colony  during  the  experiment,  and  the  authors  suggested  that  the  better 
survival  of  the  RFR-exposed  mice  was  due  to  the  protective  effect  of  the 
daily  rise  in  temperature  ("fever")  induced  by  the  RFR.  The  explanation 
is  plausible,  but  not  proven;  RFR  in  vivo  can  have  effects  on  the  immune 
system,  as  discussed  previously  in  Section  3.5.2. 

These  authors  reported  that  some  of  the  mice  developed  leukosis  (also 
spelled  leucosis),  which  was  described  in  the  paper  as  a  "cancer  of  the 
white  blood  cells,"  and  that  the  incidence  of  leukosis  was  greater  in 
the  RFR-exposed  than  in  the  control  mice.  This  effect  was  real  but  its 
interpretation  by  the  authors  was  probably  faulty.  In  dictionaries  of 
medicine  and  pathology,  leukosis  is  defined  as  an  abnormal  rise  in  the 
number  of  circulating  white  blood  cells.  It  is  not  regarded  as  a  form 
of  cancer,  though  such  dictionaries  give  detailed  definitions  of  various 
types  of  leukemia,  which  are  cancers  of  the  circulatory  system.  Various 
factors  can  give  rise  to  leukosis,  including  stress,  disturbances  of  the 
endocrine  system,  and  infection  such  as  pneumonia,  which  may  have  caused 
the  observed  liver  abscesses. 


Two  other  points  should  be  considered  as  well.  First,  the  incidence 
of  leukosis  in  the  RFR-exposed  mice  relative  to  the  controls  was  higher 
but  their  percentage  of  survivors  was  also  greater,  a  finding  that  would 
be  considered  unusual  for  most  forms  of  leukemia  in  the  mouse.  Second, 
the  incidence  of  leukosis  in  the  RFR-exposed  mice  was  higher  during,  but 
not  following,  exposure,  with  the  implication  that  spontaneous  remission 
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of  the  "cancer"  had  occurred  after  the  RFR-exposure  series  was  complet¬ 
ed.  For  true  cancer,  such  remission  would  be  considered  quite  improb¬ 
able.  Overall,  the  data  from  this  study  do  not  provide  evidence  as  to 
whether  or  not  chronic  exposure  of  animals  to  RFR  induces  any  form  of 
cancer. 

The  conclusion  above  is  supported  by  a  reanalysis  of  the  primary  data 
of  Prausnitz  and  Susskind  (1962).  Roberts  and  Michaelson  (1983),  noting 
that  the  results  of  Prausnitz  and  Susskind  had  been  presented  without 
statistical  analyses,  restated  the  data  as  follows: 

The  first  sacrifice,  performed  7  months  into  the  study,  consisted  of 
10  mice  of  the  RFR  group  and  5  of  the  control  group.  The  second  sacri¬ 
fice,  done  at  16  months  (1  month  after  completion  of  exposure),  consist¬ 
ed  of  20  RFR  mice  and  10  control  mice.  At  19  months  (4  months  after 
exposure  completion),  the  surviving  mice,  which  consisted  of  67  RFR  mice 
and  19  control  mice,  were  all  sacrificed.  The  respective  totals  of  sac¬ 
rificed  RFR  and  control  mice  were  103  of  200  (52%)  and  66  of  100  (66%). 
The  remaining  97  RFR  and  34  control  mice  had  died  at  various  times 
during  the  study.  Of  these,  60  of  the  RFR  group  and  40  of  the  control 
group  were  necropsied;  the  remainder  had  suffered  excessive  autolysis. 

The  incidences  of  leukosis  in  the  first  groups  sacrificed  had  not  been 
reported.  In  the  second  groups  sacrificed,  6/20  (30%)  RFR  mice  and  1/10 
(10%)  control  mice  had  been  reported  as  having  leukosis.  Roberts  and 
Michaelson  indicated  that  the  difference  was  nonsignificant  (p>0.05  by 
chi-square  analysis).  In  the  third  groups  sacrificed,  12/67  (18%)  and 
4/19  (21%)  had  leukosis,  also  a  nonsignificant  difference.  By  contrast, 
67/200  (34%)  of  the  RFR  mice  and  19/100  (19%)  of  the  control  mice  had 
been  alive  just  before  the  third  sacrifice,  a  significant  difference 
(p<0.01,  chi-square  analysis).  Roberts  and  Michaelson  (1983)  concluded 
that  the  report  "does  not  support  a  link  between  exposure  to  microwave 
radiation  and  the  development  of  neoplasia,"  and  they  stated:  "Thus,  an 
equally  plausible  case  could  be  made  for  the  concept  that  the  study  by 
Prausnitz  and  Susskind  (1962)  demonstrated  microwave-induced  beneficial, 
rather  than  detrimental  effects." 

Prausnitz  and  Susskind  (1962)  also  gave  results  of  such  exposure  on 
the  testes  of  the  mice.  These  results  are  discussed  in  Section  3.6.2. 

Pautrizel  et  al.  (1975)  reported  that  exposure  of  mice  to  RFR 
(frequency  or  intensity  not  reported)  conferred  protection  against  an 
otherwise  fatal  challenge  with  Trypanosoma  equiperdum. 

The  experiments  performed  by  Szmigielski  (1975)  on  rabbit  granulocytes 
exposed  to  RFR  in-vitro  were  discussed  in  Section  3.5.1.  Szmigielski  et 
al .  (1975a)  also  studied  the  effects  on  granulocytes  of  exposing  rabbits 
to  RFR  in-vivo  followed  by  infection  with  Staphylococcus  aureus.  One 
group  of  5  rabbits  was  exposed  to  3-GHz  RFR  at  3  mW/sq  cm  6  hr/day  for  6 
weeks  and  another  group  of  5  rabbits  to  the  same  RFR  for  12  weeks.  From 
a  prolate-spheroidal  model  of  a  rabbit  (Durney  et  al.,  1978,  p.  92),  the 
SAR  was  about  0.4  W/kg .  Controls  consisted  of  an  unexposed  group  of  5 


rabbits.  After  such  treatment,  the  rabbits  were  infected  intravenously 
with  S.  aureus  and  the  effects  on  granulopoiesis  were  assessed.  The 
results  were  presented  graphically,  without  uncertainty  bars  or  other 
statistical  treatment. 

In  the  control  rabbits,  granulocyte  counts  in  peripheral  blood  in¬ 
creased  (granulocytosis)  to  a  maximum  about  1.9  times  the  initial  value 
by  day  6  after  injection  with  S.  aureus  and  diminished  less  rapidly  to 
about  SOX  above  initial  value  by  day  44.  For  the  rabbits  exposed  to  the 
RFR  for  6  weeks  and  infected,  granulocytosis  also  reached  maximum  on  day 
6,  about  2.2  times  the  initial  value,  but  dropped  sharply  by  day  10  to  a 
plateau  less  than  the  initial  value,  an  indication  of  RFR-induced  gran¬ 
ulocytosis  depression.  Granulocytosis  was  almost  completely  suppressed 
in  rabbits  exposed  to  the  RFR  for  3  months. 

Mobilization  of  granulocyte  reserves  in  bone  marrow  was  determined  by 
challenging  the  rabbits  with  Staphylococcus  endotoxin  and  counting  the 
peripheral-blood  granulocytes  6  hr  after  endotoxin  injection.  For  the 
control  group,  the  count  vs  time-interval  after  initial  infection  rose 
monotonically  to  about  double  its  initial  value  on  day  44.  By  contrast, 
the  count  for  each  RFR  group  declined  during  the  same  period,  but  the 
effect  was  larger  for  the  3-month  group. 

The  blood-serum  lysozyme  activity  of  the  control  group  increased  from 
initial  to  maximum  value  by  a  ratio  of  about  6  on  day  4  and  declined  but 
remained  well  above  initial  value  to  day  44.  The  activity  for  the  6- 
week  RFR  group  increased  by  a  maximum  ratio  of  about  5,  also  on  day  4, 
and  declined  but  remained  above  initial  value  to  day  44.  The  rise  for 
the  3-raonth  RFR  group  was  only  by  a  factor  of  2,  followed  by  decline  to 
slightly  above  initial  value  on  day  44. 

In  the  first  part  of  a  later  study,  Szraigielski  et  al.  (1980)  exposed 
male  BALB/c  mice  and  male  rabbits  to  2.45-GHz  RFR,  CW  or  pulsed  (1-  or 
2-microsecond  pulses,  peak  power  density  or  duty  cycle  not  stated),  at 
average  power  densities  of  5  or  15  raW/sq  cm  2  hr/day  for  either  6  or  12 
weeks  before  injecting  the  animals  with  S.  aureus.  For  the  mice,  the 
SARs  were  stated  to  be  2-3  and  6-9  W/kg .  No  SARs  for  the  rabbits  were 
given,  but  are  estimated  from  a  prolate-spheroidal  model  (Durney  et  al., 
1978,  p.  92)  to  have  been  about  0.8  and  2.3  V/kg.  During  exposures  at  5 
or  15  raW/sq  cm,  no  rectal-temperature  increases  were  detected  in  either 
species.  Hence  the  authors  characterized  the  exposures  as  "nonthermal . " 
In  the  second  part  of  the  study,  mice  and  rabbits  were  exposed  at  30-40 
mW/sq  cm  ("hyperthermic"  RFR)  2  hr/day  for  4,  7,  10,  or  14  days  before 
injecting  them  with  S.  aureus.  The  estimated  SARs  at  35  mW/sq  cm  were 
about  18  W/kg  for  mice  and  5.3  W/kg  for  rabbits. 

The  dose  of  S.  aureus  given  the  mice  was  selected  to  be  lethal  for  40X 
of  control  mice  in  3  days.  (The  text  stated  60X  lethality,  but  the  data 
shown  in  the  accompanying  figure  showed  60X  survival  for  controls.)  The 
mice  exposed  at  5  or  15  mW/sq  cm  (2-3  or  6-9  W/kg)  for  6  or  12  weeks 
comprised  4  groups  of  20  each.  Of  the  control  group  (also  20  mice),  5 
died  on  day  1  after  injection,  2  more  on  day  2,  and  1  more  on  day  3, 
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yielding  the  60%  3-day  survival  rate.  Of  those  exposed  at  5  raW/sq  cm 

(2-3  W/kg)  for  6  weeks  prior  to  injection,  4  died  on  day  1  and  none 

during  days  2  and  3,  for  an  80%  survival  rate.  Of  the  mice  exposed  at  5 
mW/sq  cm  for  12  weeks,  6  died  on  day  1,  5  more  on  day  2,  and  none  on  day 
3,  for  a  45%  survival  rate.  The  authors  denoted  the  differences  between 
these  two  RFR  groups  and  the  control  group  as  nonsignificant.  The  3-day 
survival  rates  for  the  groups  exposed  at  15  mW/sq  cm  (6-9  W/kg)  for  6  or 

12  weeks  were  only  25%  (5  mice)  and  5%  (1  mouse),  respectively. 

Phagocytosis  of  S.  aureus  by  isolated  peritoneal  macrophages  was  lower 
in  mice  exposed  at  15  mW/sq  cm  (6-9  W/kg)  for  12  weeks  than  in  controls, 
but  was  higher  in  mice  exposed  at  5  mW/sq  cm  (2-3  W/kg)  for  6  weeks. 

The  differences  between  the  other  two  RFR-exposed  groups  and  the  control 
group  were  not  significant.  Neither  were  the  differences  among  the  four 
RFR  groups  and  the  controls  in  delayed  hypersensitivity  to  oxazolone. 

In  the  infected  control  rabbits  and  those  exposed  at  5  or  15  mW/sq  cm 
(0.8  or  2.3  W/kg)  for  6  weeks  before  infection,  rectal  temperatures  and 
peripheral-blood  granulocytosis  were  elevated,  release  of  bone-marrow 
granulocytes  stimulated  by  staphylococcal  endotoxin  was  increased,  and 
higher  lysozyme  activity  occurred  during  the  5-7  days  after  injection  of 
S.  aureus,  with  spontaneous  recovery  by  day  10-14  and  no  animal  deaths. 
By  contrast,  peripheral-blood  granulocytosis,  mobilization  of  bone- 
marrow  granulocytes,  and  serum  lysozyme  activity  were  suppressed  in  the 
rabbits  exposed  for  12  weeks  before  injection. 

Groups  of  20  mice  each  were  studied  in  the  hyperthermia  part  of  the 
investigation.  Exposures  at  30-40  raW/sq  cm  (18  W/kg)  2  hr/day  for  4,  7, 
10,  or  14  days  before  injection  with  S.  aureus  caused  a  mean  rectal- 
temperature  rise  to  41.5  deg  C.  Again,  the  S.  aureus  dose  used  was  for 
a  3-day  survival  rate  of  60%  in  controls.  For  the  group  exposed  for  4 
days  before  injection,  the  3-day  survival  rate  was  75%  (15  mice),  i.e., 
higher  than  for  the  controls.  Again,  the  authors  deemed  the  difference 
nonsignificant.  The  3-day  survival  rates  for  the  groups  exposed  for  10 
and  14  days  were  30%  and  5%,  respectively,  both  significantly  lower  than 
for  the  controls. 

The  authors  did  not  present  data  for  the  rabbits  given  RFR  hyperther¬ 
mia.  Instead,  they  cited  Roszkowski  et  al.  (1980a,  b,  c,  d)  and  stated 
that  exposure  of  rabbits  at  30-40  mW/sq  cm  (5.3  W/kg)  2  hr/day  for  10  or 
14  days  before  injection  with  S.  aureus  reduced  the  phagocytotic  capa¬ 
city  of  the  macrophage-monocyte  system  and  weakened  phagocytosis  of  P- 
32-labeled  staphylococci  by  isolated  peritoneal  macrophages  in  vitro. 

They  concluded:  "The  two  investigated  f actors--long-terra  exposure  to 
low-level  microwave  fields  and  repeated  sessions  of  whole  body  microwave 
hyperthermia--resulted  in  lowering  of  natural  antibacterial  resistance, 
suppression  of  non-specific  immune  reactions  and  finally  in  increased 
mortality  from  experimental  acute  staphylococcal  infections."  They  also 
noted  that  the  2-hr  exposures  may  have  been  "stressogenic , "  because  the 
animals  exhibited  temporary  discomfort  during  the  exposures.  They  did 
not  discuss  the  higher  3-day  survival  rate  and  phagocytotic  capacity  of 
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the  mice  exposed  at  5  mW/sq  cm  (2-3  W/kg)  relative  to  the  values  for  the 
controls,  presumably  because  the  differences  were  not  significant,  but 
did  not  present  any  statistical  treatment  of  these  data. 

Liddle  et  al.  (1980)  performed  initial  analyses  of  blood  samples  from 
mice  for  red  and  white  blood  cell  counts,  hematocrit,  and  hemoglobin, 
and  differential  leukocyte  counts.  One  week  later,  groups  of  4  mice 
were  immunized  by  injection  with  a  killed  bacterin  of  Streptococcus 
pneumoniae  type  III,  other  groups  were  immunized  by  injection  of  type 
III  purified  pneumococcal  polysaccharide  (PPS),  and  still  another  group 
was  injected  with  equal  quantities  of  saline  to  serve  as  cage  controls. 
Each  group  (except  the  cage  controls)  was  then  either  sham-exposed  or 
exposed  to  9-GHz  pulsed  RFR  (1-microsecond  pulses  at  970-1000  pps)  at  10 
mW/sq  cm  average  power  density  for  5  days,  2  hr/day.  SAR  was  calculated 
to  be  3.3  W/kg  for  a  multilayered  spherical  model  (Veil,  1975)  or  4.7 
W/kg  for  a  prolate  spheroid  model  (Durney  et  al.,  1978,  pp.  97-99). 

Rectal  temperatures  were  taken  just  before  and  after  treatment  on  the 
second  day.  On  the  day  after  completion  of  treatment  (day  6  after  immu¬ 
nization),  blood  samples  were  analyzed  for  hemagglutination  with  SRBC 
and  for  hematology.  On  that  day,  the  mice  were  also  challenged  with  an 
injection  of  an  LD-50  dose  of  virulent  S.  pneumoniae  type  III  and  day  of 
death  was  recorded  for  10  days  after  challenge.  The  saline-injected 
controls  were  similarly  challenged. 

The  hemagglutination  titers  for  the  RFR-exposed  mice  were  signifi¬ 
cantly  higher  than  for  the  sham-exposed  mice.  No  antibody  titers  were 
detected  in  the  saline-injected  cjntrols.  Within  the  10  days  after 
challenge,  47. 2X  of  the  RFR-exposed  and  50. 0Z  of  the  sham-exposed  mice 
had  died;  the  difference  was  statistically  nonsignificant.  None  of  the 
saline-injected  (non- immunized )  controls  survived  the  challenge.  The 
last  death  occurred  on  day  7  in  the  RFR-exposed  mice  and  on  day  6  in  the 
sham-exposed  mice.  In  addition,  the  greatest  number  of  deaths  in  one 
day  occurred  on  day  6  after  challenge  (10  mice)  for  the  RFR-exposed  mice 
and  on  day  3  after  challenge  (14  mice)  for  the  sham-exposed  mice.  The 
mean  day  of  death  was  5.58  for  the  RFR-exposed  mice  and  4.78  for  the 
sham-exposed  mice,  but  the  difference  was  nonsignificant  (p-0.073,  Mann- 
Whitney  U-test).  The  longer  survival  times  of  the  RFR-exposed  mice, 
though  not  statistically  significant,  were  qualitatively  similar  to 
those  of  Prausnitz  and  Susskind  (1962)  and  of  Pautrizel  et  al .  (1975), 
discussed  previously. 

Guy  and  coworkers  have  completed  a  study  in  which  100  cesarean-de¬ 
rived,  barrier-reared,  male  Sprague-Dawley  rats  were  exposed  unrestrain¬ 
ed  for  21  hr  per  day  for  durations  up  to  25  months  (virtually  their  en¬ 
tire  lifetimes)  to  circularly  polarized,  2.45-GHz  RFR  ( 10-raicrosecond 
pulses  at  800  pps,  square-wave  modulated  at  8  Hz)  at  an  average  power 
density  of  0.48  mW/sq  cm  in  individual  circular  waveguides  (Guy  and 
Chou,  1976;  Guy  et  al.,  1979)  under  controlled-environmental  and 
specific-pathogen-free  conditions.  The  facility  was  maintained  at  an 
ambient  temperature  of  about  21  deg  C  and  a  relative  humidity  of  55X. 
This  relatively  low  temperature  was  selected  to  ensure  that  the  therrao- 
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regulatory  responses  of  the  rats  to  the  RFR  would  be  limited  primarily 
to  variations  in  their  metabolic  heat  production.  Concurrently  sham-ex- 
posed  within  the  same  facility  were  100  similarly  derived  control  rats. 

The  overall  objective  was  to  determine  how  such  chronic  exposure  would 
affect  the  general  health  and  longevity  of  the  rats.  Exposure  values 
were  selected  to  simulate,  by  scaling  considerations,  chronic  exposure 
of  humans  to  450-MHz  RFR  at  whole-body  SARs  up  to  but  not  exceeding  0.4 
W/kg,  the  basis  for  the  1982  ANSI  exposure  guideline  (ANSI,  1982).  Nine 
final  reports  have  been  issued:  Guy  et  al .  (1983a,  1983b),  Chou  et  al. 
(1983b),  Johnson  et  al .  (1983),  Kunz  et  al.  (1983),  Kunz  et  al.  (1984), 
Johnson  et  al.  (1984),  Kunz  et  al.  (1985),  and  Guy  et  al.  (1985). 

The  exposure  criteria,  experimental  design,  animal  facility,  exposure 
system,  rationale  of  biological  assessment,  and  data  acquisition  system 
were  described  in  the  first  report  (Guy  et  al . ,  1983a).  The  exposure 
frequency  and  average  power  density  were  selected  to  yield  about  the 
same  size-to-wavelength  ratio  and  SAR  as  a  human  exposed  at  450  MHz. 

Use  of  amplitude  modulation  was  prompted  by  the  calcium-efflux  effect 
discussed  in  Section  3.4.4  above;  8  Hz  was  selected  because  it  is  near 
the  dominant  EEG  frequency  of  the  rat. 

Described  in  the  second  report  (Guy  et  al . ,  1983b)  were: 

(1)  Estimation  of  whole-body  SARs  for  humans  exposed  to  450-MHz  RFR 
under  free-space  conditions  in  various  body  orientations  and  postures, 
by  calorimetry  with  one-fifth-scale  models  made  of  synthetic  biological 
materials  and  exposed  to  2.45-GHz  RFR  (approximately  5x450  MHz). 

(2)  Determination  of  SAR  distributions  in  such  models  (again  in  various 
orientations  and  postures)  corresponding  to  free-space  exposure  at  450 
MHz,  by  the  use  of  thermography  with  a  specially  developed  interactive 
computer  for  analyzing  and  processing  thermographs. 

(3)  Establishment  of  the  exposure  parameters  for  rats  to  simulate  human 
exposure  to  450-MHz  RFR. 

In  the  discussion  on  p.  101  of  whole-body  SARs  (41  measurements  on  the 
models  of  humans),  Guy  et  al.  (1983b)  stated:  "From  these  data  we  can 
assume  that  regardless  of  the  exposure  conditions  for  man — whether  the 
polarization  is  vertical,  horizontal,  or  circular;  or  the  posture  is 
erect,  supine,  or  sitting;  or  the  arms  are  extended  or  not — the  average 
SAR  remains  relatively  constant  at  a  level  of  approximately  .05  W/kg  for 
a  1-mW/sq-cm  exposure  level  [at  450  MHz].  This  SAR  level  is  a  factor  of 
8  below  the  level  [0.4  W/kg]  used  as  a  basis  for  the  ANSI  C95. 1-1982  RFR 
standard . " 

Since  whole-body  SARs  of  rats  vary  with  age  (weight),  several  exposure 
options  were  considered.  The  one  selected  was  to  ensure  that  the  rats 
would  be  exposed  at  0.4  W/kg  at  some  period  during  the  exposure  regimen 
but  that  this  level  would  not  be  exceeded.  Regarding  SAR  distributions 
in  the  models  of  humans,  they  found  that  local  SARs  could  be  as  high  as 


about  4  times  the  average  in  the  head  and  about  15  times  the  average  in 
the  wrist  or  perineum.  Comparable  ratios  would  also  occur  in  the  rat. 
Actual  measurements  of  whole-body  SARs  and  SAR  distributions  in  rats 
exposed  within  circular  waveguides  as  the  rats  grew  from  200  to  700  g 
were  given  in  detail  in  the  third  report  (Chou,  et  al.,  1983b).  The 
whole-body  SARs  ranged  from  about  0.4  W/kg  for  a  200-g  rat  to  0.15  W/kg 
for  an  800-g  rat. 

The  sole  behavioral  endpoint  included  in  the  study,  an  assessment  of 
open-field  activity,  and  the  apparatus  and  procedures  therefor  were  des¬ 
cribed  in  the  fourth  report  (Johnson  et  al.,  1983).  The  criteria  used 
to  select  this  test  were  that  it: 

(1)  not  jeopardize  the  health  of  the  rats 

(2)  not  lead  to  obvious  stress  reactions  or  differential  experience 

(3)  be  done  easily  within  the  confines  of  the  specific-pathogen-free 
facility  and  during  the  schedule  of  daily  maintenance  procedures 

(4)  not  be  subject  to  experimenter  bias 

(5)  have  a  history  of  reported  sensitivity  to  RFR  in  prior  studies. 

The  results,  discussed  in  detail  in  Section  3.7,  showed  no  significant 
differences  between  RFR-  and  sham-exposed  rats  during  corresponding  test 
sessions. 

The  exposure  regimen  was  begun  when  the  rats  were  8  weeks  old  and  was 
continued  for  25  months.  As  discussed  in  the  fifth  report  (Kunz  et  al., 
1983),  ten  each  of  the  RFR-exposed  and  sham-exposed  rats  were  killed 
after  13  months  of  exposure  (interim  kill)  and  exsanguinated,  and  their 
spleens  were  removed.  The  12  RFR-exposed  and  11  sham-exposed  rats  that 
survived  to  the  end  of  the  25-raonth  exposure  regimen  were  euthanized 
(terminal  kill)  and  10  of  each  group  were  similarly  processed. 

After  each  kill,  suspensions  of  splenic  cells  from  the  RFR  and  sham 
groups  were  prepared  and  assayed  for  populations  of  T-  and  B-cells,  com¬ 
plement-receptor-positive  (CR+)  cells,  and  plaque-forming  cells  in  res¬ 
ponse  to  SRBC  vs  saline.  In  addition,  suspensions  of  splenic  cells  were 
stimulated  with  the  T-cell  mitogen  phytohemagglutinin  (PHA)  or  Concana- 
valin  A  (Con  A),  the  B-cell  mitogen  purified  protein  derivative  of  tu¬ 
berculin  (PPD)  or  1 ipopolysacchar ide  (LPS)  of  E.  Coli,  or  the  nonspeci¬ 
fic  pokeweed  mitogen  (PMW).  Prior  to  cell  harvest,  tritiated  thymidine 
was  added  to  the  cultures,  and  the  stimulation  index,  defined  as  the 
ratio  of  mean  counts  per  rain  (cpra)  for  each  stimulated  culture  to  the 
mean  cpm  for  unstimulated  cultures,  was  determined. 

The  population  results  for  the  interim  kill  showed  significantly  high¬ 
er  counts  (p<0.05,  Student  t-test)  of  splenic  T-  and  B-  lymphocytes  for 
the  RFR-exposed  rats  than  for  the  sham-exposed  rats,  an  indication  that 
the  RFR  had  stimulated  the  lymphoid  system.  By  contrast,  however,  there 
were  no  significant  differences  in  T-  and  B-cell  populations  between  the 
RFR  and  sham  groups  of  the  terminal  kill.  The  authors  suggested  that 
the  latter  result  may  indicate  the  onset  of  imrounosenescence  due  to  age. 


The  CR+  values  for  the  RFR  groups  of  both  the  interim  and  terminal 
kills  were  lower  than  for  the  corresponding  sham  groups,  but  the  differ¬ 
ences  were  nonsignificant  (p>0.05.  Student  t-test),  indicating  no  dif¬ 
ferences  between  RFR  and  sham  groups  in  lymphocyte  maturation.  The  per¬ 
centages  of  plaque-forming  cells  for  the  SRBC- immunized  rats  was  nonsig- 
nificantly  higher  for  the  RFR  group  than  for  the  sham  group  in  the  in¬ 
terim  kill,  but  was  nonsignif icantly  lower  in  the  terminal  kill. 

The  mitogen-stimulation  results  for  the  RFR  group  of  the  interim  Kill 
showed  higher  responses  than  the  sham  group  to  the  T-cell  mitogens  PHA 
and  Con  A,  but  only  the  difference  for  the  latter  was  significant.  The 
responses  of  the  RFR  group  to  the  B-cell  mitogens  LPS  and  PPD  were  re¬ 
spectively  significantly  higher  and  lower  than  for  the  sham  group.  The 
RFR  group  also  yielded  significantly  higher  response  to  nonspecific  PWM 
than  the  sham  group.  The  authors  stated  (Kunz  et  al. ,  1983,  p.  38): 
"These  results  suggest  a  selective  effect  of  RFR  on  the  response  of  the 
lymphoreticular  system  to  mitogen  stimulation."  No  mitogen-stimulation 
results  were  obtained  for  the  terminal  kill  because  the  lymphocyte  cul¬ 
tures  failed  to  grow  and  respond  to  any  of  the  mitogens. 

As  described  in  the  sixth  report  (Kunz  et  al.,  1984),  blood  samples 
(1. 8-2.0  ml  each)  were  drawn  periodically  for  analyses  from  all  rats 
quickly  under  anesthesia  by  the  retro-orbital  technique  (selected  pri¬ 
marily  because  of  its  lack  of  adverse  effect  on  the  animals).  Light 
anesthesia  was  used  to  avoid  stress-induced  corticosterone  elevation. 

The  first  sampling  was  done  4  weeks  prior  to  the  start  of  the  exposure 
regimen  to  provide  baseline  data.  Other  samplings  were  done  after  7 
weeks  of  exposure,  at  subsequent  6-week  intervals  during  the  first  year 
of  exposure,  and  at  12-week  intervals  during  the  second  year  (for  a  to¬ 
tal  of  15  samplings).  However,  the  numbers  of  rats  sampled  decreased 
with  time  because  of  withdrawal  and  mortality. 

Assays  of  the  blood  samples  from  the  15  sessions  were  made  for  the  11 
hematologic  parameters  listed  below.  Also  evaluated  for  the  15  sessions 
were  serum  chemistry  and  protein  electrophoretic  patterns.  However, 
after  the  the  second  bleeding  session  (first  session  after  the  start  of 
exposure),  the  corticosterone  and  thyroxine  (T4)  levels  were  determined 
only  at  12-week  intervals,  and  corticosterone  was  not  assayed  after  the 
tenth  session  except  at  the  last  session  prior  to  the  terminal  kill  and 
again  at  the  time  of  terminal  kill. 

The  11  hematologic  parameters  assayed  were:  white-blood-cell  count 
(WBC),  red-blood-cell  count  (RBC),  hematocrit  (HCT),  hemoglobin  (Hgb), 
mean  corpuscular  volume  (MCV),  mean  corpuscular  hemoglobin  (MCH),  mean 
corpuscular  hemoglobin  concentration  (MCHC),  and  counts  of  neutrophils, 
lymphocytes,  eosinophils,  and  monocytes.  Multivariate  analyses  of  the 
data  sets  from  the  15  sessions  (for  decreasing  numbers  of  rats)  with  the 
Hotelling  T-square  statistic  showed  no  significant  overall  difference 
between  the  RFR-  and  sham-exposed  rats.  In  intrasession  comparisons  of 
each  hematologic  parameter  by  t-test,  the  absolute  eosinophil  count  of 
the  RFR  group  for  the  second  bleeding  session  was  significantly  lower, 
and  the  absolute  neutrophil  counts  for  the  second  and  third  sessions 


were  marginally  significantly  lower,  than  for  the  sham  group.  No  other 
differences  were  significant.  Kunz  et  al.  (1983)  stated  (p.  99):  "These 
findings  indicate  that,  despite  the  25-month  duration  of  exposure,  no 
detectable  effects  were  produced  in  the  bone  marrow  erythropoietic  cells 
or  in  the  juxtaglomerular  apparatus  of  the  kidney  and  its  production  of 
erythropoietin."  They  also  stated  (p.  38):  "The  significant  decrement 
in  eosinophil  count  during  session  2  is  interesting  in  light  of  the 
significant  elevation  of  corticosterone  during  this  session  and  the 
eosinopenic  effect  of  elevated  corticosteroids."  However,  no  data  on 
corticosterone  levels  were  presented  in  this  report. 

The  serum-chemistry  assays  were  of:  glucose,  blood  urea  nitrogen 
(BUN),  creatinine,  sodium,  potassium,  chloride,  carbon  dioxide,  uric 
acid,  total  and  direct  bilirubin,  calcium,  phosphorus,  alkaline  phos¬ 
phatase,  lactate  dehydrogenase  (LDH),  serum  glutamic-oxaloacetic  trans¬ 
aminase  ( SGOT ) ,  serum  glutamic-pyruvate  transaminase  (SGPT),  cholester¬ 
ol,  triglycerides,  total  protein,  albumin,  and  globulin.  From  examina¬ 
tion  of  the  data,  the  authors  deemed  multivariate  analysis  unnecessary. 
Comparisons  of  results  for  each  parameter  between  the  RFR-  and  sham- 
exposed  rats  by  t-test  yielded  significant  differences  (p<0.05)  for  only 
a  few  isolated  cases,  and  no  coherent  pattern  was  discernible. 

Results  for  serum-protein  electrophoresis,  analyzed  by  t-test,  shoved 
nonsignificant  (p>0.05)  differences  between  the  RFR-  and  sham-exposed 
rats.  Kunz  et  al .  (1983)  stated  (p.  92):  "This  indicates  that  the  level 
of  RFR  exposure  had  no  apparent  effect  on  various  organ-system  functions 
that  contribute  to  serum  protein  concentrations.  Production  of  neither 
albumin  by  the  liver  nor  globulin  fractions  by  the  lymphoreticular  sys¬ 
tem  was  altered.  Normal  levels  of  alpha  fractions  reflect  none  of  the 
increases  usually  seen  in  tissue  destruction  nor  the  decreases  often 
associated  with  renal  glomerular  damage.” 

T4  levels  were  determined  by  radioimmunoassays,  using  I-125-labeled  T4 
as  the  tracer.  By  t-test,  the  differences  between  RFR-  and  sham-exposed 
rats  at  each  bleeding  session  were  nonsignificant  (p>0.05),  indicating 
that  the  RFR  had  no  effect  on  the  entire  hypothalamic-pituitary-thyroid 
feedback  mechanism.  As  expected,  however,  the  T4  levels  of  both  groups 
decreased  significantly  with  age. 

In  the  seventh  report  (Johnson  et  al.,  1984),  the  analyses  of  growth 
and  metabolism  and  the  results  of  the  necropsies  done  after  the  interim 
and  terminal  kills  were  presented.  Rapid  growth  was  evident  for  the 
RFR-  and  sham-exposed  rats  during  the  early  part  of  the  exposure  regi¬ 
men,  but  there  were  no  significant  differences  between  the  groups  in 
daily  body  weight,  food  and  water  consumption,  oxygen  consumption,  car¬ 
bon  dioxide  production,  or  respiratory  quotient  at  corresponding  times. 

At  the  interim  and  terminal  kills,  the  hearts,  brains,  livers,  kid¬ 
neys,  testicles,  and  adrenals  of  the  RFR-  and  sham-exposed  rats  were 
weighed.  Also,  the  composition,  fatty  acid  profile,  and  mineral  content 
of  the  carcasses  were  analyzed.  At  the  interim  kill,  there  were  no  sig¬ 
nificant  differences  between  RFR-  and  sham-exposed  rats  in  the  mass  of 


any  organ.  At  the  terminal  kill,  however,  the  mean  adrenal  mass  for  the 
RFR-exposed  rats  was  75X  higher  than  for  the  sham-exposed  rats,  with  no 
significant  differences  for  the  other  organs. 

Seven  of  the  12  RFR-exposed  rats  and  4  of  the  11  sham-exposed  rats 
necropsied  at  the  terminal  kill  were  found  to  have  benign  adrenal 
tumors.  (No  adrenal  tumors  were  found  in  the  20  rats  of  the  interim 
kill.)  When  the  rats  of  both  groups  with  adrenal  tumors  were  excluded, 
the  difference  in  mean  adrenal  mass  was  found  to  be  nonsignificant. 
Johnson  et  al.  (1984)  stated  (p.  31):  "This  analysis  indicated  that  the 
increased  adrenal  weight  was  related  to  the  tumors  and  irrelevant  to  the 
metabolic  processes  in  the  rats.  It  was  noticed  that  the  mean  adrenal 
mass  in  the  exposed  animals  without  tumors  was  slightly  heavier,  but 
statistically  insignificant  as  compared  with  those  of  the  sham  group. 
This  increase  in  weight  was  due  to  one  animal  with  a  hyperplastic 
adrenal  cortex  that  was  secondary  to  a  pituitary  tumor." 

Discussed  in  the  eighth  report  (Kunz  et  al.,  1985)  was  that  157  rats 
had  died  spontaneously  or  were  terminated  in  extremis  during  the  expo¬ 
sure  period.  (Twenty  of  the  remaining  43  rats  comprised  the  interim- 
kill  groups  and  the  other  23  were  the  survivors  at  the  end  of  the  expo¬ 
sure  period,  which  comprised  the  terminal-kill  groups).  Evaluation  of 
the  cumulative  survival  curves  showed  that  the  median  survival  times  for 
the  RFR-  and  sham-exposed  rats  were  respectively  688  and  663  days.  How¬ 
ever,  comparison  of  the  curves  by  the  log-rank  statistic  showed  no  sig¬ 
nificant  difference  between  the  groups  at  any  age.  Also  indicated  was 
that  no  significant  infections  had  occurred  to  complicate  or  produce 
erroneous  results  in  the  gross  or  histopathological  evaluations. 

Gross  and  histopathological  examinations  were  performed  on  the  rats, 
including  various  organs  and  tissue  specimens.  The  primary  cause  of 
death  of  each  rat  (31  specific  causes,  1  unknown-cause  category,  and  the 
2  kills)  was  determined  and  the  results  were  tabulated  separately  for 
the  RFR  and  sham  groups.  The  numbers  of  deaths  for  most  of  the  causes 
were  small,  so  the  table  was  collapsed  to  four  specific  major  causes 
(defined  as  having  at  least  5  deaths),  the  "kills"  category,  and  a 
category  comprising  all  the  other  causes. 

Glomerulonephritis  was  the  largest  specific  category,  with  17  deaths 
in  the  RFR  group  and  15  in  the  sham  group;  next  was  urinary  tract  block¬ 
age,  with  9  and  19  deaths  in  *-he  RFR  and  sham  groups,  respectively, 
third  was  atrial  thrombosis,  with  7  and  9  deaths;  fourth  was  pituitary 
adenoma,  with  4  and  8  deaths.  There  were  22  and  21  rats  in  the  two  kill 
groups.  The  all-other  category  had  41  deaths  in  the  RFR  group  and  28  in 
the  sham  group.  Analysis  by  chi-square  statistic  showed  no  association 
between  cause  of  death  and  exposure  condition.  In  addition,  use  of  the 
log-rank  statistic  indicated  no  significant  differences  between  the  RFR 
and  sham  groups  in  survival  times  for  glomerulonephritis,  atrial  throm¬ 
bosis,  or  pituitary  adenoma;  the  RFR  group  had  significantly  longer  sur¬ 
vival  times  than  the  sham  group  for  urinary  tract  blockage. 

The  lesions  found  in  the  various  organs  and  tissues  during  necropsies 


were  characterized  as  nonneoplastic  or  neoplastic,  and  the  latter  were 
subdivided  into  benign  and  malignant  neoplasms.  Of  the  nonneoplastic 
lesions,  glomerulonephropathy  was  the  most  prevalent.  Analysis  of  the 
data  (chi-square  statistic)  by  incidence,  age,  and  treatment  (RFR  or 
sham)  indicated  that  significantly  fever  of  such  lesions  occurred  in  the 
RFR  group.  There  were  no  significant  differences  between  RFR  and  sham 
groups  for  nine  other  major  types  of  nonneoplastic  lesions. 

Only  3  benign  neoplasms  occurred  in  rats  younger  than  1  year  and  these 
were  in  the  sham  group.  The  incidences  of  benign  neoplasms  increased 
rapidly  with  age  during  the  second  year  for  both  the  RFR  and  sham 
groups,  but  the  differences  between  the  groups  at  each  age  of  death  were 
nonsignificant . 

No  primary  malignant  lesions  were  found  in  rats  younger  than  1  year. 
Primary  malignant  lesions  were  found  in  2  RFR-exposed  and  2  sham-exposed 
rats  at  ages  13-18  months,  in  9  of  the  RFR  group  and  1  of  the  sham  group 
at  ages  19-24  months,  and  in  7  of  the  RFR  group  and  2  of  the  sham  group 
at  ages  26-30  months.  The  totals  without  regard  to  age  were  18  and  5 
for  the  RFR  and  sham  groups,  respectively.  Kunz  et  al.  (1985)  stated: 
(p.  36):  "To  summarize  the  above  results,  primary  malignancies  are 
somewhat  more  likely  to  be  present  in  exposed  animals  than  in  the  sham 
exposed.  This  should  not  be  considered  as  some  artifact  of  the  data, 
since  different  analyses  led  to  similar  results.” 

On  the  other  hand,  Kunz  et  al .  (1985)  also  stated  (p.  39):  "There  is 
statistical  evidence  that  the  mean  number  of  primary  malignancies  was 
higher  in  the  exposed  animals  than  in  the  sham  exposed,  but  the  bio¬ 
logical  significance  of  this  difference  is  reduced  by  several  factors. 
First,  detection  of  this  difference  required  the  collapsing  of  sparse 
data  without  regard  for  the  specific  type  of  malignancy  or  tissue  of 
origin.  Also,  when  the  incidence  of  the  specific  primary  malignancies 
in  the  exposed  animals  is  compared  with  specific  tumor  incidence  report¬ 
ed  in  the  literature,  our  exposed  animals  had  an  incidence  similar  to 
that  of  untreated  control  rats  of  the  same  strain,  maintained  under 
similar  SPF  [specific-pathogen-free]  conditions.  It  is  important  to 
note  that  no  single  type  of  primary  malignancy  was  enhanced  in  the  ex¬ 
posed  animals.  From  the  standpoint  of  carcinogenesis,  benign  neoplasms 
have  considerable  significance  under  the  assumption  that  the  initiation 
process  is  similar  for  both  benign  and  malignant  tumors.  The  fact  that 
treatment  groups  showed  no  difference  in  benign  tumor  incidence  is  an 
important  element  in  defining  the  promotion  and  induction  potential  of 
microwave  radiation  for  carcinogenesis.” 

The  foregoing  results  were  also  summarized  in  the  ninth  report  (Guy  et 
al.,  1985).  The  authors  concluded  (p.  19):  "In  summary,  no  defendable 
trends  in  altered  longevity,  cause  of  death,  or  spontaneous  aging  le¬ 
sions  and  neoplasia  can  be  identified  in  the  rats  exposed  to  this  long¬ 
term  low-level  radiofrequency  radiation  exposure." 
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3.5.4  CONCLUSIONS 


Much  early  work  toward  seeking  possible  effects  of  RFR  on  suspensions 
of  various  classes  of  leukocytes  exposed  in  vitro  suffered  from  the  lack 
of  adequate  control  of  cell  temperature  during  exposure.  In  later 
studies,  considerable  effort  was  expended  toward  development  of  exposure 
systems  that  permitted  maintenance  of  cell  temperature  constant  at 
optimum  value  during  exposure  or  deliberate  temperature  increases  to 
predetermined  values  for  comparison.  Many  studies  with  such  systems 
were  devoted  to  effects  on  lymphocyte  proliferation  (without  and  with 
stimulation  by  various  mitogens)  or  to  their  functional  characteristics 
as  components  of  the  immune  system.  In  those  studies  where  exposed 
cultures  were  held  at  the  same  temperature  during  exposure  as  control 
cultures,  nonsignificant  differences  in  results  between  exposed  and 
control  cultures  were  obtained,  and  where  the  findings  were  positive, 
the  effects  on  the  exposed  cultures  were  clearly  of  thermal  origin. 

In  early  studies  on  the  effects  of  in-vitro  exposure  of  erythrocytes 
to  RFR,  significant  hemolysis  and  efflux  of  K+  were  reported  for  rabbit 
erythrocytes  exposed  to  RFR  at  average  power  densities  as  low  as  1  raW/sq 
cm.  In  later  studies,  however,  the  hemoglobin  and  K+  losses  from  rabbit 
erythrocytes  by  heating  with  RFR  from  room  temperature  to  37  deg  C  did 
not  differ  significantly  from  the  losses  due  to  conventional  heating; 
the  threshold  SAR  for  effect  was  found  to  exceed  46  W/kg.  Also  found 
was  absence  of  significant  hemolysis  and  K+  loss  from  human  erythrocytes 
that  were  heated  by  either  means  to  37  deg  C,  an  indication  that  RFR  may 
not  induce  similar  changes  in  rabbit  and  humar  blood.  It  is  noteworthy, 
however,  that  the  temperatures  investigated  in  those  studies  were  above 
the  phase  transition  region  (detected  as  changes  in  slope  of  Arrhenius 
plots)  within  which  RFR  was  reported  to  have  significant  effects  but  not 
above  or  below  the  region.  The  investigators  described  several  possible 
mechanisms  for  such  effects. 

Immunological  effects  sought  by  exposing  animals  to  RFR  in  vivo 
yielded  mixed  results.  In  studies  with  Japanese  quail,  RFR-related 
differences  in  antigenic  responses  were  not  found,  except  when  elevated 
temperature  was  implicated.  Some  investigators  reported  that  exposure 
of  mammals  to  RFR  increased  proliferation  of  leukocytes  or  production  of 
antibodies  (relative  to  controls),  but  with  few  exceptions,  measured  or 
estimated  SARs  were  well  in  excess  of  1  W/kg.  In  the  more  recent  stu¬ 
dies,  subtle  effects  on  the  mammalian  immune  system  were  sought,  using 
advances  in  assay  methods,  with  some  investigations  directed  toward  the 
effects  of  RFR  on  the  activity  of  natural  killer  (NK)  cells  and  with  at¬ 
tention  to  the  possible  effects  of  non-RFR  stress.  The  results  of  such 
studies  again  showed  that  SARs  much  higher  than  1  W/kg  were  necessary. 

More  directly  relevant  to  possible  effects  of  RFR-exposure  on  the  hu¬ 
man  immune  system  would  be  studies  in  which  animals  are  chronically  ex¬ 
posed  to  RFR  (preferably  over  virtually  their  entire  lifetimes),  to  de¬ 
termine  whether  such  exposure  adversely  affects  their  health,  longevity, 
and  resistance  to  natural  disease  or  experimental  challenge  with  various 
microorganisms  or  toxins  therefrom.  Because  of  limitations  in  funding, 


however,  few  such  studies  were  done  or  repeated  by  other  laboratories. 

The  findings  of  various  investigators  were  not  fully  consistent  with 
one  another.  Some  showed  apparent  diminution  of  immune  responses  to 
RFR,  but  with  no  clear  dependence  on  RFR  level;  others  appeared  to  indi¬ 
cate  that  survival  was  extended  by  exposure  to  RFR.  The  most  comprehen¬ 
sive  chronic  study  was  that  of  Guy  and  coworkers,  who  exposed  100  rats 
to  RFR  and  concurrently  sham-exposed  100  other  rats  for  essentially 
their  full  lifetimes  (except  for  those  withdrawn  for  interim  tests  and 
those  that  expired  before  the  end  of  the  exposure  regimen).  Tests  of  10 
each  RFR-  and  sham-exposed  rats  withdrawn  after  13  months  of  treatment 
(interim  kill)  showed  significantly  higher  counts  of  splenic  T-  and  B- 
lymphocytes  for  the  RFR  group  than  the  sham  group,  an  effect  ascribed  by 
the  authors  to  stimulation  of  the  lymphoid  system  by  the  RFR.  However, 
this  effect  was  absent  in  similar  tests  on  completion  of  treatment, 
provisionally  ascribed  to  immunosenescence .  Longevity  was  not  affected 
by  the  RFR  at  corresponding  times  during  the  regimen. 

No  primary  malignancies  were  found  at  the  interim  kill  (in  rats  young¬ 
er  than  one  year).  However,  probably  the  most  controversial  finding  of 
the  entire  study  was  that  for  the  rats  older  than  one  year,  a  total  of 
18  of  those  RFR-exposed  and  only  5  of  those  sham-exposed  had  various 
kinds  of  primary  malignant  lesions.  The  authors  gave  several  cogent  ar¬ 
guments  to  discount  the  biological  significance  of  this  finding,  includ¬ 
ing  points  that  the  difference  between  the  RFR-  and  sham-exposed  rats  in 
the  number  of  cases  of  each  type  of  malignancy  was  nonsignificant  and 
that  because  of  the  smallness  of  the  numbers,  statistical  significance 
was  attained  only  by  combining  them,  an  oncological ly  dubious  procedure. 
To  date,  nevertheless,  the  issue  has  not  been  resolved. 
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3.6  PHYSIOLOGY  AND  BIOCHEMISTRY 


The  literature  on  physiological  and  biochemical  effects  associated 
with  RFR  is  extensive.  Many  of  the  reported  effects  were  associated 
with  other  events  (e.g.,  changes  in  hormonal  levels  or  stress  adapta¬ 
tion),  some  are  questionable  for  various  reasons,  and  the  medical 
significance  of  others  is  unclear. 

3.6.1  METABOLISM  AND  THERMOREGULATION 

Among  several  investigations  for  possible  effects  of  exposure  to  RFR 
on  the  autonomic  or  involuntary  thermoregulatory  mechanisms  of  warm¬ 
blooded  animals,  and  specifically  of  primates  to  RFR  in  the  HF  range, 
was  the  study  by  Bollinger  (1971).  He  concurrently  exposed  tranquilized 
rhesus  monkeys  in  groups  of  three  in  a  rectangular  TEM  cell  (Mitchell, 
1970)  to  10.5-  or  19.3-MHz  RFR  for  successive  time  intervals  at  increas¬ 
ing  power  densities  up  to  600  mW/sq  cm  or  to  26.6-MHz  RFR  at  up  to  300 
raW/sq  cm.  Based  on  a  prolate-spheroidal  model  for  a  sitting  rhesus  mon¬ 
key  (Durney  et  al.,  1978,  p.  87),  the  whole-body  SARs  for  600  mW/sq  cm 
at  10.5  and  19.3  MHz  are  about  0.2  and  0.6  W/kg,  respectively;  the  SAR 
for  300  raW/sq  cm  at  26.6  MHz  is  also  0.6  W/kg.  Deep-body  (esophageal) 
temperatures  and  EKGs  were  taken  during  exposure.  No  obvious  indica¬ 
tions  of  thermal  stress,  increases  of  heart  rate,  or  other  influences  on 
the  electrical  events  of  the  heart  cycle  due  to  the  RFR  were  found. 

In  another  part  of  this  study,  he  exposed  rhesus  monkeys  concurrently 
in  groups  of  12  to  10.5-  or  26.6-MHz  pulsed  RFR  for  1  hr  at  average  po¬ 
wer  densities  of  200  or  105  mW/sq  cm  (0.06  or  0.2  W/kg),  respectively, 
or  to  19.3-MHz  RFR  for  14  days,  4  hr/day,  at  115  mW/sq  cm  (0.1  W/kg). 

For  each  frequency,  a  group  was  sham-exposed  as  controls.  Hematologic 
and  blood-chemistry  analyses  were  performed  before  and  after  exposure. 
The  results  showed  no  significant  differences  between  exposed  and  con¬ 
trol  monkeys  for  most  of  the  cellular  components  of  the  blood.  Signifi¬ 
cant  differences  in  mean  monocyte  and  eosinophil  counts  were  obtained, 
but  were  ascribed  to  conditions  not  related  to  RFR  exposure.  Similar 
conclusions  were  reached  for  the  blood-chemistry  parameters.  Gross 
pathological  and  histopathological  (microscopic)  examinations  of  these 
animals  showed  no  abnormalities  ascribable  to  RFR  exposure. 

Frazer  et  al.  (1976)  exposed  male  rhesus  monkeys  to  26-MHz  CW  RFR  at 
500,  750,  or  1,000  mW/sq  cm  (1.0,  1.5,  or  2.0  W/kg)  for  6  hr  in  the  same 
TEM  cell.  Control  monkeys  were  maintained  just  outside  the  exposure 
chamber.  The  ambient  temperature  was  22.2  deg  C.  Rectal  and  skin  tem¬ 
peratures  were  measured.  At  the  highest  power  density,  the  skin  and 
rectal  temperatures  increased  during  the  first  half  hour  by  2.5  and  1.3 
deg  C,  respectively,  and  decreased  during  the  next  hour  to  1.1  and  0.7 
deg  C  above  their  respective  initial  values.  Rectal  temperature  stayed 
essentially  constant  during  the  remainder  of  the  exposure  period,  but 
the  skin  temperature  increased  again  slightly  until  the  fifth  hour  and 
then  declined  during  the  last  hour  to  0.1  deg  C  above  the  initial  value. 
Similar  but  smaller  changes  were  found  at  the  two  lower  power  densities. 
These  results  indicated  that  even  at  the  highest  power  density,  the  mon- 


keys  were  in  thermal  equilibrium;  i.e.,  they  were  able  to  dissipate  the 
additional  heat  induced  by  the  RFR,  and  their  thermoregulatory  mechan¬ 
isms  were  quite  efficient  in  doing  so.  The  authors  calculated  that 
exposure  of  a  3.6-kg  monkey  to  26-MHz  RFR  at  1,000  mW/sq  cm  is  about 
equivalent  to  exposing  a  human  1.8  m  tall  to  26-MHz  RFR  at  400  mW/sq  cm. 

Krupp  (1977)  performed  similar  experiments,  exposing  rhesus  monkeys 
for  3  hr  at  frequencies  of  15  and  20  MHz  and  power  densities  ranging 
from  760  to  1,270  mW/sq  cm  (0.6-1. 3  W/kg).  The  results  again  indicated 
that  the  additional  heat  induced  by  the  RFR  was  readily  accommodated  by 
the  thermoregulatory  mechanisms  of  the  animals.  The  authors  calculated 
that  exposure  of  a  monkey  to  20-MHz  RFR  at  1,270  mW/sq  cm  is  about 
equivalent  to  exposure  of  a  human  at  225  mW/sq  cm.  The  equivalence  for 
15  MHz  at  1,025  mW/sq  cm  is  205  mW/sq  cm. 

Krupp  (1978)  also  did  a  follow-up  study  of  18  rhesus  monkeys  that  had 
been  exposed  1  to  2  years  previously  to  15-,  20-,  or  26-MHz  RFR  for  up 
to  6  hr  on  at  least  two  occasions  at  power  densities  in  the  500  to  1270 
mW/sq-cm  range.  Hematologic  and  biochemical  blood  indices  were  measured 
and  physical  (including  ophthalmologic)  examinations  were  performed.  No 
variations  from  normal  values  or  conditions  that  could  be  attributed  to 
RFR  exposure  were  found. 

Adair  and  Adams  (1980a)  trained  three  squirrel  monkeys  to  regulate  the 
environmental  temperature  (Ta)  behaviorally  by  adjusting  air  flows  of 
different  temperature  into  an  anechoic  exposure  chamber.  The  normal 
thermoregulatory  behavior  produces  tight  control  over  environmental  and 
body  temperatures;  most  monkeys  select  a  Ta  of  34-36  deg  C.  The  monkeys 
were  then  exposed  to  2.45-GHz  CW  RFR  for  10-rain  periods  at  incident 
power  densities  ranging  from  1  to  22  mW/sq  cm  (0.15  to  3.3  W/kg).  For 
control  data,  the  same  monkeys  were  sham-exposed  or  exposed  to  infrared 
radiation  (IR)  of  equivalent  power  density.  Exposure  to  the  RFR  at  6-8 
mW/sq  cm  or  higher  stimulated  all  animals  to  select  a  lower  Ta.  This 
threshold  represents  a  whole-body  SAR  of  1.1  W/kg  or  about  20X  of  the 
resting  metabolic  rate  of  the  monkey.  Thermoregulatory  behavior  was 
highly  efficient,  and  skin  and  rectal  temperatures  remained  stable,  even 
at  22  mW/sq  cm  (3.3  W/kg)  where  the  preferred  Ta  was  lowered  by  as  much 
as  4  deg  C.  No  comparable  reduction  in  selected  Ta  below  control  levels 
occurred  during  exposure  to  the  IR. 

Adair  and  Adams  (1980b)  equilibrated  squirrel  monkeys  for  a  minimum  of 
2  hr  to  constant  environmental  temperatures  (22  to  26.5  deg  C)  cool 
enough  to  ensure  that  the  cutaneous  blood  vessels  in  the  tail  and 
extremities  were  fully  vasoconstr icted  (an  effect  produced  by  the  ther¬ 
moregulatory  system  to  minimize  heat  loss).  The  monkeys  were  then  ex¬ 
posed  to  2.45-GHz  RFR  for  5-min  periods  at  successively  higher  power 
densities  in  the  range  2.5  to  4  mW/sq  cm  (0.4-0. 6  W/kg),  until  vasodila¬ 
tion  in  the  tail  occurred,  as  evidenced  by  an  abrupt  and  rapid  tempera¬ 
ture  increase  for  the  tail  skin.  For  example,  a  monkey  equilibrated  to 
25  deg  C  exhibited  tail  vasodilation  when  exposed  to  RFR  at  10  mW/sq  cm 
(1.5  W/kg),  but  it  did  not  when  exposed  to  IR  at  the  equivalent  power 
density,  indicating  that  the  effect  resulted  from  stimulation  of  thermo- 
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sensitive  elements  of  the  thermoregulatory  system  by  the  RFR  rather  than 
from  heating  of  the  tail  skin.  To  cause  tail  vasodilation  in  monkeys 
equilibrated  to  lower  environmental  temperatures  required  RFR  exposure 
at  higher  power  densities.  Specifically,  an  increase  of  3  to  4  mW/sq  cm 
was  found  necessary  for  every  1-deg-C  reduction  in  environmental  temper¬ 
ature  . 


Adair  (1981)  also  exposed  four  squirrel  monkeys  to  2.45-GHz  CW  RFR  in 
warm  ambient  temperatures  ranging  from  32  to  35  deg  C.  After  an  initial 
90-rain  or  longer  equilibration  period,  each  monkey  was  exposed  for  10- 
min  periods  to  power  densities  in  an  increasing  sequence  from  2.5  to  20 
mW/sq  cm  (0. 4-3.0  W/kg),  with  sufficient  time  between  the  exposures  for 
reequilibration.  The  rectal  temperature  and  the  skin  temperature  at  the 
abdomen,  tail,  leg,  and  foot  were  monitored  continuously.  The  metabolic 
heat  production  was  determined  from  the  oxygen  deficit  in  the  expired 
air.  Also  determined  was  thermoregulatory  foot  sweating  by  sensing  the 
dewpoint  of  the  air  in  a  special  boot  over  the  foot.  The  results  showed 
that  at  ambient  temperatures  below  about  36  deg  C,  at  which  sweating  in 
a  sedentary  monkey  may  occur  spontaneously,  the  threshold  power  density 
(or  SAR)  for  initiating  thermoregulatory  foot  sweating  decreased  with 
decreasing  ambient  temperature. 


In  another  study,  Adair  and  Adams  (1982)  exposed  three  equilibrated 
squirrel  monkeys  to  2.45-GHz  RFR  at  successively  higher  power  densities 
from  2.5  to  10  mW/sq  cm  (0.4-1. 5  W/kg)  for  10-rain  intervals  at  constant 
ambient  temperature  (Ta)  of  15,  20,  or  25  deg  C.  Reductions  in  the 
metabolic  heat  production  (M),  calculated  from  oxygen  deficits  in  the 
expired  air  of  the  monkeys,  were  initiated  at  all  three  values  of  Ta  by 
two  monkeys  at  4  mW/sq  cm  (0.6  W/kg)  or  higher  and  at  6  mW/sq  cm  (0.9 
W/kg)  or  higher  in  the  third  monkey.  Above  the  threshold,  the  reduction 
in  M  was  linearly  related  to  power  density.  Rapid  rebound  of  M  occurred 
on  termination  of  exposure.  However,  the  reduction  in  M  was  always 
greater  than  the  RFR  energy  absorption  rate  (by  a  factor  of  about  2.5) 
without  any  significant  reduction  in  rectal  temperature. 


The  authors  noted  that  response  time  for  rectal-temperature  changes 
was  too  long  to  be  manifested  during  a  10-rain  exposure,  so  they  also 
exposed  the  three  monkeys  for  90-rain  intervals  at  20  deg  C,  one  monkey 
each  at  6,  8,  and  10  mW/sq  cm  (0.9,  1.2,  and  1.5  W/kg),  with  three  such 
sessions  per  monkey.  The  90-rain  exposures  were  found  to  be  long  enough 
for  the  monkeys  to  achieve  a  new  thermoregulatory  steady  state,  and  the 
reduction  in  M  was  equivalent  to  the  RFR  energy-absorption  rate. 


Adair  and  Adams  (1983)  also  examined  the  effect  of  exposure  duration 
at  threshold  power  density  on  voluntary  thermoregulation.  Two  squirrel 
monkeys  were  trained  to  control  the  Ta  by  selecting  between  sources  of 
cold  (10-15  deg  C)  and  warm  (50-55  deg  C)  air.  In  one  of  two  series, 
they  were  exposed  to  2.45-GHz  RFR  at  4  or  10  mW/sq  cm  for  successive 
periods  of  5,  10,  15,  20,  and  25  min,  with  corresponding  intervals  be¬ 
tween  exposures,  and  4-hr  sham-exposures  for  control  data.  In  the  other 
series,  the  monkeys  were  exposed  for  150  min  at  10  or  20  mW/sq  cm.  No 
change  in  thermoregulatory  behavior  occurred  at  4  mW/sq  cm  (0.6  W/kg) 
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irrespective  of  duration.  At  10  and  20  mW/sq  cm  (1.5  and  3.0  W/kg),  the 
monkeys  selected  Ta  values  1.5  and  3.0  deg  C  cooler  than  control  levels, 
respectively.  Except  during  the  first  exposure  of  a  series  or  during 
the  early  minutes  of  the  150-min  exposures,  duration  had  no  significant 
effect  on  Ta  selection  or  body  temperatures  achieved. 

Adair  et  al.  (1984a)  implanted  a  pair  of  Teflon  reentrant  tubes  in  the 
medial  preoptic  nucleus  of  the  anterior  hypothalamic  area  (PO/AH)  of 
squirrel  monkeys  trained  to  regulate  Ta,  PO/AH  being  the  brainstem 
region  considered  to  control  normal  thermoregulatory  processes.  After 
recovery  from  surgery,  a  Vitek  temperature  probe  was  inserted  into  one 
of  the  tubes  to  measure  PO/AH  temperature  continuously  while  changes  in 
voluntary  thermoregulation  were  induced  by  successive  10-min  (brief) 
unilateral  exposures  to  2.45-GHz  CW  RFR  at  4  to  14  mW/sq  cm  (0.6-2. 1 
W/kg),  with  10  min  between  exposures,  or  150-min  (prolonged)  exposures 
at  20  mW/sq  cm  (3.0  W/kg).  The  rectal-  and  four  representative  skin 
temperatures  were  also  monitored,  as  was  the  Ta  selected  by  each  animal. 

Brief  exposures  at  8  mW/sq  cm  (1.2  W/kg)  and  higher  induced  each 
monkey  to  select  a  cooler  Ta.  The  PO/AH  temperature  rose  about  0.3  deg 
C  but  seldom  more.  Lower  power  densities  usually  produced  smaller  in¬ 
creases  in  PO/AH  temperature  and  no  reliable  alteration  of  thermoregu¬ 
latory  behavior.  Rectal  temperature  remained  constant  while  PO/AH  tem¬ 
perature  rose  only  0.2-0. 3  deg  C  during  the  150-min  exposures  at  20 
mW/sq  cm  (3.0  W/kg)  because  the  Ta  selected  was  2-3  deg  C  cooler  than 
was  normally  preferred.  Thus,  a  PO/AH  temperature  rise  of  0.2-0. 3  deg  C 
accompanying  RFR  exposure  appears  to  be  both  necessary  and  sufficient  to 
modify  the  thermoregulatory  behavior,  which  ensures  that  no  greater  tem¬ 
perature  excursions  occur  in  this  hypothalamic  thermoregulatory  center. 

The  authors  also  noted,  however,  that  the  requisite  RFR-induced  rise 
in  PO/AH  temperature  did  not  always  induce  voluntary  thermoregulation, 
and  therefore  they  suggested  that  thermosensitive  tissues  other  than  the 
hypothalamus,  such  as  cutaneous  therraodetectors ,  may  also  contribute  to 
thermoregulatory  behavior.  To  support  this  hypothesis,  they  presented 
preliminary  results  of  an  experiment  in  which  perfusion  of  the  other 
tube  implanted  in  the  PO/AH  with  a  heated  nonaqueous  fluid  was  used  to 
manipulate  the  PO/AH  temperature  in  the  absence  or  presence  of  RFR.  In 
the  experiment,  a  monkey  was  given  four  20-min  treatments  with  20-min 
intervals  between  them.  Treatments  1  and  3  were  exposures  at  20  mW/sq 
cm  (3.0  W/kg),  treatment  2  was  heating  the  PO/AH  with  the  fluid  while 
the  animal  was  exposed  to  the  RFR,  and  treatment  4  was  heating  the  PO/AH 
with  the  fluid  only. 

Results  showed  Ta  reductions  during  treatments  1  and  3  similar  to 
those  obtained  before.  Concurrently,  PO/AH-,  rectal-,  and  skin  tem¬ 
peratures  rose  approximately  linearly  during  each  treatment.  Also 
noteworthy  was  a  sharp  rise  in  foot-skin  temperature,  particularly 
during  treatment  1,  an  indication  of  the  occurrence  of  peripheral 
vasodilation.  The  authors  surmised  that  this  process  could  stimulate 
the  cutaneous  thermodetectors  and  thereby  furnish  a  peripheral  cue  for 
altering  the  thermoregulatory  behavior.  By  contrast,  dips  in  Ta  were 


much  deeper  during  treatments  2  and  4,  to  a  minimum  of  about  23  deg  C 
for  treatment  2  (concurrent  RFR  and  fluid)  and  27  deg  C  for  treatment  4 
(fluid  only).  Moreover,  the  PO/AH  temperature  rose  sharply  by  well  in 
excess  of  0.3  deg  C  to  a  peak  within  the  first  few  minutes  of  each 
treatment  and  then  declined  about  linearly  during  the  remainder  of  the 
period  to  below  initial  value.  These  changes  were  accompanied  by  linear 
decreases  in  rectal  and  skin  temperature.  The  authors  concluded  that 
localized  PO/AH  heating  (by  thermode,  for  example)  stimulates  vigorous 
heat-loss  responses,  whereas  whole-body  heating  by  RFR  can  result  in 
heat  storage. 

It  may  be  significant  to  emphasize  that  hypothalamic  temperature  rises 
were  evident  at  all  the  subthreshold  power  densities  (or  corresponding 
whole-body  SARs)  used.  Obviously  the  local  SARs  in  the  hypothalamus 
were  considerably  higher  than  the  whole-body  SARs,  as  the  authors  noted. 
However,  absence  of  voluntary  thermoregulation  indicates  that  exposure 
at  such  whole-body  SARs  is  well  within  the  capabilities  of  the  autonomic 
thermoregulatory  system  of  that  primate  species. 

In  another  study  by  this  laboratory,  Candas  et  al.  (1985)  investigated 
the  thermal  adjustments  made  by  three  squirrel  monkeys  exposed  to  high 
levels  of  RFR  in  a  cold  environment.  Baseline  experiments  done  on  each 
monkey  consisted  of  one  4-hr  sham-exposure  at  the  thermoneutral  Ta  of  32 
deg  C,  to  determine  the  resting  rate  of  metabolic  heat  production  of 
each  monkey,  and  three  sham-exposures  for  4  hr  each  at  a  Ta  of  29  deg  C. 

In  the  RFR-exposure  experiments,  the  monkeys  were  equilibrated  for  90 
rain  at  a  Ta  of  20  deg  C,  after  which  they  were  given  two  series  of 
exposures  to  2.45-GHz  CW  RFR  at  successively  higher  levels.  Series  1, 
involving  all  three  monkeys,  consisted  of  10-min  periods  at  10,  14,  19, 
and  25  mW/sq  cm  (1.5,  2.1,  2.9,  and  3.8  W/kg),  with  recovery  periods  of 
30,  35,  and  40  min.  In  each  experimental  session  of  series  2,  which 
involved  only  two  of  the  monkeys,  each  monkey  was  exposed  for  two  30-rain 
periods  at  30  and  35  raW/sq  cm  (4.5  and  5.3  W/kg)  or  40  and  45  mW/sq  cm 
(6.0  and  6.8  W/kg),  with  70  rain  between  periods.  As  in  the  earlier 
studies,  PO/AH-,  rectal,  and  skin  temperatures  were  measured.  Also, 
oxygen  uptake  was  used  to  calculate  metabolic  heat  production  (M). 

Metabolic  heat  production  by  the  monkeys  during  the  90-rain  baseline 
period  at  20  deg  C  to  achieve  equilibrium  was  found  to  be  about  11  W/kg. 
Decreases  in  tail,  leg,  and  foot  temperatures  during  this  period  were 
reflections  of  peripheral  vasoconstriction  to  preclude  excessive  heat 
loss,  which  resulted  in  a  constant  rectal  temperature  of  38.3  deg  C. 

The  results  for  the  10-rain  exposures  showed  that  M  decreased  during 
each  exposure  to  a  value  below  that  observed  at  the  end  of  the  stabi¬ 
lization  period  and  that  the  reductions  were  dependent  on  power  density 
(or  SAR),  as  were  increases  in  skin  temperatures,  with  small  concomitant 
rises  in  rectal  temperature.  During  the  two  sequential  30-rain  exposures 
at  40  and  45  mW/sq  cm  (6.0  and  6.8  W/kg),  M  decreased  to  the  resting 
level  (determined  at  32  deg  C),  and,  at  end  of  each  exposure,  increased 
slowly  toward  the  stable  pre-exposure  level  at  a  rate  that  was  dependent 


on  the  RFR  level. 


Analysis  of  the  results  of  both  series  showed  that  for  10-rain  expo¬ 
sures  at  a  Ta  of  20  deg  C,  the  power  density  necessary  to  reduce  M  to 
resting  level  was  35  raW/sq  cm  (5.3  W/kg),  and  that  for  longer  exposures 
at  30  mW/sq  cm  (4.5  W/kg)  or  higher,  reduction  of  M  to  its  lowest  level 
took  about  20  min.  Vasodilation  occurred  at  the  latter  RFR  levels  and 
was  sufficient  to  prevent  large  increases  in  thermal-energy  storage  by 
the  body,  and  vasoconstriction  returned  on  termination  of  the  RFR,  thus 
confirming  the  influence  of  both  peripheral  and  internal  inputs  to 
thermoregulation  in  squirrel  monkeys  in  a  cool  environment. 

Lotz  (1985)  sham-exposed  and  exposed  five  restrained  rhesus  monkeys  in 
4-hr  sessions  during  the  daytime  in  the  E-orientation  (long  axis  of  the 
body  parallel  to  the  electric  vector)  to  225-MHz  RFR  (a  frequency  near 
body  resonance)  at  1.2,  2.5,  5.0,  7.5,  10.0,  and  15.0  mW/sq  cm  (0.8, 

1.7,  3.4,  5.1,  6.8,  and  10.2  W/kg)  in  an  anechoic  chamber.  In  other  4- 
hr  sessions,  the  monkeys  were  exposed  at  night  in  the  E-orientation  to 
225-MHz  RFR  at  5  mW/sq  cm  (3.4  W/kg)  and,  during  the  daytime,  in  the  H- 
orientation  (long  axis  of  the  body  parallel  to  the  magnetic  vector)  to 
225-MHz  RFR  at  5  raW/sq  cm  (1.2  W/kg)  and  to  1.29-GHz  RFR  (a  frequency 
well  above  resonance)  at  20,  28,  and  38  mW/sq  cm  (2.9,  4.0,  and  5.4 
W/kg).  Rectal  temperatures  were  monitored  continuously  during  every 
session  and  blood  samples  for  cortisol  analysis  were  taken  hourly  during 
the  225-MHz  E-orientation  sessions.  The  criterion  for  RFR  tolerance  was 
defined  as  a  rectal  temperature  not  exceeding  41.5  deg  C. 

Average  rectal-temperature  increases  for  4-hr  daytime  exposures  to 
225-MHz  RFR  in  the  E-orientation  at  2.5  and  5.0  mW/sq  cm  (1.7  and  3.4 
W/kg)  were  0.4  and  1.7  deg  C.  However,  the  monkeys  were  unable  to 
tolerate  exposure  (as  defined  above)  to  225-MHz  RFR  in  this  orientation 
at  7.5  mW/sq  cm  (5.1  W/kg)  or  higher  for  more  than  90  min.  No  changes 
in  circulating  cortisol  levels  were  found  for  exposures  at  5  mW/sq  cm 
(3.4  W/kg)  or  less.  Night-time  exposures  to  225-MHz  RFR  in  the  E- 
orientation  at  5  raW/sq  cm  (3.4  W/kg)  and  daytime  exposures  to  225-MHz 
RFR  in  the  H-orientation  at  5  mW/sq  cm  (1.2  W/kg)  yielded  mean  rectal- 
temperature  increases  of  2.1  and  0.2  deg  C,  respectively.  For  expo¬ 
sures  to  1.29-GHz  RFR  at  20,  28,  and  38  mW/sq  cm  (2.9,  4.0,  and  5.4 
W/kg),  the  mean  rises  in  rectal  temperature  were  0.4,  0.7,  and  1.3  deg 
C.  These  results  confirmed  that  RFR-hyperthermia  production  is  most 
effective  by  exposure  to  a  frequency  near  resonance  (225-MHz  in  the  E- 
orientation  for  the  rhesus  monkey). 

Among  the  studies  of  RFR-induced  alterations  of  thermoregulation  in 
nonprimate  mammals  was  that  of  Phillips  et  al.  (1975),  who  exposed  rats 
to  2.45-GHz  RFR  at  an  SAR  of  0,  4.5,  6.5,  or  11.1  W/kg  for  30  min  in  a 
microwave  cavity.  Colonic  temperatures  were  measured  immediately  after 
exposure,  and  measurements  of  colonic  and  skin  temperatures,  oxygen 
consumption,  carbon  dioxide  production,  respiratory  quotient,  and  heart 
rate  were  recorded  continuously  for  5  hr  starting  10  min  after  exposure. 
Control  rats  were  sham-exposed. 
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The  mean  colonic  temperature  of  the  control  rats  immediately  after 
sham  exposure  was  38.6  deg  C  and  it  diminished  gradually  over  the  test 
period  to  a  final  value  of  about  38.0  deg  C.  For  the  rats  exposed  at 

4.5  W/kg ,  initial  colonic-temperature  increases  to  40.0  deg  C  occurred, 
followed  by  decreases  to  mean  control  values  in  20  min  and  continuation 
at  such  levels  for  the  remainder  of  the  period.  For  those  exposed  at 

6.5  W/kg,  the  initial  colonic  temperature  rises  were  slightly  larger  (to 

40.5  deg  C)  and  were  followed  by  rapid  decreases  to  levels  significantly 
below  the  control  values,  which  persisted  for  the  remainder  of  the 
period.  For  the  rats  exposed  at  11.1  W/kg,  the  initial  colonic  tempera¬ 
tures  were  much  higher  (42.4  deg  C),  but  diminished  more  slowly  to 
values  well  below  those  for  the  6.5-W/kg  group  by  3  hr  after  exposure; 
they  then  increased  again  to  control  values  by  the  end  of  the  5-hr 
period . 

Dose-rate-dependent  elevations  of  skin  temperature  were  observed 
shortly  after  exposure;  temperatures  diminished  to  normal  values  within 
50  rain.  For  the  rats  exposed  to  4.5  and  6.5  W/kg,  normal  values 
persisted  for  the  remainder  of  the  period.  However,  for  the  group 
exposed  at  11.1  W/kg,  skin  temperature  continued  to  decrease  during  the 
next  hour,  finally  leveling  off  at  well  below  control  values  for  the 
rest  of  the  period.  Oxygen  consumption  and  carbon  dioxide  production  by 
the  4.5-W/kg  group  were  comparable  to  control  values,  but  they  were 
lower  for  the  two  groups  exposed  at  the  higher  levels.  Phillips  et  al . 
(1975)  also  described  the  cardiovascular  effects  of  the  RFR  on  these 
animals,  as  discussed  in  Section  3.6.3. 

Ho  and  Edwards  (1979)  used  the  c-xygen-consumption  rate  as  a  biological 
indicator  of  stress.  They  exposed  mice  to  2.45-GHz  RFR  in  a  waveguide 
system  that  permitted  continuous  monitoring  of  the  RFR  absorption  rate 
during  exposure  (Ho  et  al.,  1973).  The  animals  were  exposed  under  the 
following  controlled  environmental  conditions:  24  deg  C  temperature,  551 
relative  humidity,  and  78  ral/min  airflow  rate.  The  forward  power  levels 
ranged  from  0  to  3.3  W;  the  corresponding  range  of  mean  SARs  was  0  to 
44.3  W/kg.  The  exposures  were  for  30  rain,  during  which  the  oxygen- 
consumption  and  RFR-absorpt ion  rates  were  determined  at  5-rain  intervals; 
these  values  were  converted  into  specific  metabolic  rates  (SMRs)  and 
SARs,  respectively,  expressed  in  the  same  units  (W/kg).  The  oxygen- 
consumption  rate  was  also  measured  at  5-min  intervals  for  30  min  before 
and  after  exposure.  Sham-exposed  mice  served  as  controls. 

At  the  highest  power  used,  the  SAR  (averaged  over  16  mice)  decreased 
during  exposure  from  56  to  39  W/kg,  and  the  SMR  decreased  from  17.5  to 
14  W/kg,  thereby  decreasing  the  total  thermal  burden  from  about  74  to  54 
W/kg.  (The  values  for  individual  mice  varied  more  widely.)  Apparently 
the  mice  tried  to  decrease  their  thermal  burdens  by  altering  their  body 
configurations  during  exposure  to  minimize  the  RFR-absorpt ion  rates; 
they  also  reduced  their  oxygen  consumption.  Similar  but  smaller  changes 
were  obtained  at  forward  powers  of  1.7  and  0.6  W  (23.6  and  10.4  W/kg), 
and  insignificant  changes  were  noted  at  0.3  and  0.09  W  (5.5  and  1.6 
W/kg).  Thus,  the  onset  of  such  RFR-induced  thermal  stresses  were  about 
the  same  as  the  basal  metabolic  rate  of  the  mouse  (9  W/kg).  Oxygen 


consumption  rates  returned  to  normal  on  completion  of  RFR  exposure. 

The  SAR-dependent  decreases  of  SMR,  obtained  for  SARs  of  10.4  W/kg  and 
higher  but  not  for  5.5  W/kg  and  lower,  were  ascribed  to  thermal  stress. 
These  results  support  the  finding  of  RFR-induced  reductions  of  metabolic 
rate  by  Phillips  et  al.  (1975). 

Gordon  (1982)  reported  measuring  whole-body  evaporative  water  loss 
(EWL)  as  determinative  of  whole-body  evaporative  heat  loss  (EHL)  in  mice 
during  a  90-min  exposure  to  2.45-GHz  CW  RFR  at  0-44  W/kg  in  an  ambient 
temperature  of  20  deg  C,  and  in  unexposed  mice  maintained  at  ambient 
temperatures  of  20,  25,  30,  33,  and  35  deg  C.  Plots  of  EWL  vs  SAR  for 

27  points  taken  with  9  mice  were  displayed  in  the  paper.  Regression¬ 
line  segments  were  drawn  by  the  author;  one  segment  was  essentially 
horizontal  for  the  EWL  points  at  SARs  below  23  W/kg  and  another  segment 
had  an  indicated  positive  slope  of  0.68  for  the  EWL  points  at  SARs  from 

28  to  44  W/kg.  (There  were  no  points  in  the  range  23-28  W/kg.)  The 
intersection  of  the  two  segments  was  at  about  26  W/kg. 

From  the  results,  the  author  stated:  "At  an  ambient  temperature  of  20 
deg  C,  whole-body  EHL  was  relatively  constant  between  SARs  ranging  from 
0  to  29  W/kg.  Above  29  W/kg,  the  mouse  underwent  a  linear  elevation  in 
EHL  with  increasing  SAR.  The  slope  of  the  regression  line — 0.65  W/kg 
evaporated  heat  per  W/kg  absorbed  heat — implies  that  65X  of  the  absorbed 
microwave  energy  was  dissipated  by  evaporation  while  the  remaining  35X 
was  dissipated  passively."  He  concluded:  "When  mice  were  maintained  at 
20  deg  C,  an  SAR  of  29  W/kg  was  required  to  significantly  raise  EHL  (the 
microwave  heat  load  was  equivalent  to  approximately  290X  of  the  resting 
metabolic  heat  production  of  the  mouse).  That  EHL  did  not  increase 
below  29  W/kg  indicates  that  thermal  homeostasis  can  be  maintained  by 
passive  dissipation  of  the  entire  absorbed  microwave  energy,  mainly 
through  radiative  and  convective  heat  loss."  Thus,  RFR  at  29  W/kg  is  a 
threshold  for  loss  of  thermoregulatory  ability  by  the  mouse  at  20  deg  C. 

The  results  for  the  mice  maintained  at  20,  25,  30,  33,  and  35  deg  C 
but  not  exposed  to  RFR  were  EHL  values  of  2.49,  2.10,  2.02,  6.06,  and 
5.25  W/kg,  respectively.  The  first  three  values  did  not  differ  signifi¬ 
cantly  from  each  other;  the  last  two  values  were  significantly  higher 
than  the  value  for  30  deg  C  and  were  about  twice  the  resting  EHL.  Thus, 
a  Ta  of  about  30  deg  C  represents  a  threshold  for  loss  of  thermoregula¬ 
tory  ability  in  the  absence  of  RFR. 

The  author  also  used  published  data  on  reported  RFR-induced  effects  on 
thermoregulation  and  the  endocrine  system  of  various  laboratory  animals, 
derived  from  10  references,  to  predict  similar  effects  in  humans.  From 
results  for  a  number  of  biological  endpoints  in  various  species  studied 
at  ambient  temperatures  in  the  range  20-30  deg  C  and  mostly  at  2.45  GHz, 
he  abstracted  and  plotted  the  minimum  SAR  found  to  alter  the  specific 
physiological  response  studied  vs  the  representative  body  mass  of  each 
species.  He  stated  that  the  best  fit  was  a  regression  line  indicating 
the  existence  of  an  inverse  relationship  between  log  of  threshold  SAR 
and  log  of  body  weight,  from  which  it  would  be  possible  to  extrapolate  a 


threshold  SAR  measured  in  a  small  mammal  to  a  threshold  SAR  for  humans. 
As  an  example,  he  predicted  that  a  threshold  SAR  of  29  W/kg  in  a  0.034- 
kg  mouse  would  be  equivalent  to  an  SAR  of  0.25  W/ kg  in  a  70-kg  man. 

Adair  et  al .  (1983)  took  issue  with  the  basic  premises  of  this  paper. 
Among  their  major  comments  were:  Because  the  threshold  for  any  thermo¬ 
regulatory  response  depends  directly  on  the  Ta  as  well  as  the  internal 
body  temperature,  there  is  no  single  threshold  SAR  for  EHL  and  attempts 
to  generalize  measurements  of  RFR-induced  EHL  at  one  Ta  (20  deg  C)  are 
in  error.  There  are  several  inconsistencies  regarding  the  two  regres¬ 
sion  segments.  They  intersect  at  25  W/kg,  not  at  29  W/kg,  and  the  slope 
of  the  segment  above  25  W/kg,  stated  as  0.65  in  the  text  and  as  0.68  in 
the  figure  is  actually  0.58.  Also,  the  interpretation  of  the  0.65  slope 
ignored  the  resting  metabolic  heat  production  of  the  adult  mouse,  con¬ 
servatively  estimated  as  about  10  W/kg  at  thermoneutrality,  and  there¬ 
fore  yielded  much  higher  than  actual  percentages  of  aggregate  heat  dis¬ 
sipation  by  EWL.  At  SARs  of  25  and  40  W/kg,  the  values  should  have  been 
8.6X  and  22X,  respectively.  That  the  measurements  of  EWL  at  40  W/kg 
could  account  for  only  22X  of  a  heat  load  that  was  about  five  times  the 
resting  metabolism  indicates  that  the  mice  were  undergoing  substantial 
heat  stress,  which  would  have  elevated  body  temperatures  considerably 
(not  measured). 

Adair  et  al.  (1983)  also  stated  that  the  the  extrapolation  scheme 
based  on  thresholds  derived  from  the  10  references  is  deceptively  simple 
in  concept  in  that  various  not  necessarily  related  physiological  respon¬ 
ses  were  involved.  Some  of  the  investigators  cited  had  presented  rigor¬ 
ous  definitions  of  "threshold"  but  others  gave  no  definition.  Some  of 
the  values  were  incorrectly  used  or  were  of  questionable  relevance  and 
other  values  that  were  relevant  were  not  included.  Among  the  problems 
with  the  concept  is  the  great  variability  among  the  different  assess¬ 
ments  of  threshold,  even  in  the  same  species,  and  that  such  threshold 
values  depend  strongly  on  ambient  temperature.  Gordon  (1983)  and  Adair 
et  al.  (1984b)  are  respectively  a  rebuttal  and  a  counter-rebuttal. 

Apart  from  the  foregoing  arguments,  the  statistical  reliability  of  the 
regression  lines  is  open  to  question  because  of  the  paucity  of  data  (no 
correlation  coefficients  were  presented).  Moreover,  no  data  for  body 
masses  exceeding  4  kg  were  included  by  Gordon,  so  the  extent  to  which 
the  regression  lines  can  be  extrapolated  to  larger  body  masses  (such  as 
those  of  humans)  and  even  whether  the  relationship  is  linear  in  the 
latter  range  are  highly  questionable. 

Putthoff  et  al.  (1977)  investigated  various  drugs  for  rendering  seve¬ 
ral  species  of  mammals  ectotherraic,  i.e.,  disabling  their  thermoregula¬ 
tory  capabilities  without  pronounced  soporific  or  anesthetic  effects, 
with  a  view  toward  using  such  animals  as  biological  RFR  dosimeters  based 
on  colonic  temperature.  The  authors  performed  screening  tests  on  male 
and  female  pigmented  and  albino  (Long-Evans  and  Sprague-Dawley)  rats, 
guinea  pigs,  and  rabbits  with  sodium  salicylate  as  the  potential  ecto¬ 
therraic  agent  injected  in  a  range  of  doses,  and  with  saline  for  control. 
The  results  indicated  that  salicylate  could  induce  reliable  hypothermia 


in  the  albino  rat,  but  was  less  effective  in  the  pigmented  rat  and  was 
essentially  ineffective  in  the  guinea  pig  or  rabbit. 

The  other  agent  studied  was  cortisone  acetate.  A  3x4  factorial  design 
with  36  albino  (Sprague-Dawley )  rats  was  used,  with  ambient  temperature 
and  drug  dose  as  the  factors.  The  ambient  temperatures  were  37.5  deg  C 
(hot),  4  deg  C  (cold),  and  22  deg  C  (neutral)  and  the  cortisone  doses 
(injected  i.p.)  were  0,  100,  200,  and  400  mg/kg.  Colonic  temperatures 
were  recorded  just  before  injection  and  at  15-rain  intervals  for  three 
hours  after  injection. 

At  37.5  deg  C,  the  colonic  temperatures  of  the  control  rats  rose  to  a 
stable  level  about  2  deg  C  above  baseline.  For  the  cortisone-injected 
rats,  small  declines  in  colonic  temperature  were  seen  at  the  end  of  the 
first  15  min,  followed  by  rises  to  plateaus  about  2  deg  C  above  baseline 
by  90  min,  with  some  dependence  on  dose.  At  22  deg  C,  the  colonic 
temperatures  of  the  control  rats  initially  rose  slightly  and  declined 
slowly  to  about  1  deg  C  below  baseline  at  the  end  of  the  3-hr  period. 

By  contrast,  the  temperatures  of  the  cortisone-injected  rats  declined 
relatively  quickly  during  the  initial  30  min  to  dose-dependent  plateaus 
between  about  1  and  2  deg  C  below  baseline  (the  latter  for  the  highest 
dose).  The  results  at  4  deg  C  were  more  pronounced;  the  declines  to 
plateaus  were  again  dose-dependent  for  0,  100,  and  200  mg/kg,  but  the 
temperatures  of  the  rats  given  400  mg/kg  declined  almost  linearly  with 
time  to  about  10  deg  C  below  baseline  by  the  end  of  the  3-hr  period. 

To  determine  the  dosimetric  utility  of  rats  rendered  ectothermic  by 
cortisone,  Putthoff  et  al .  (1977)  studied  four  groups  of  female  albino 
rats;  group  1  was  injected  with  cortisone  and  exposed  to  2.45-GHz  RFR  in 
a  modified  microwave  oven  (Justesen  et  al . ,  1971);  group  2  was  injected 
with  cortisone  and  sham-exposed;  group  3  was  not  injected  with  cortisone 
but  was  exposed  to  the  RFR;  and  group  4  was  not  injected  but  was  sham- 
exposed.  Colonic  temperatures  were  measured  30  min  before,  and  just 
before,  cortisone  injection  (300  rag/kg).  The  temperatures  were  measured 
again  30  min  after  injection,  at  which  time  the  rats  were  sham-  or  RFR- 
exposed  for  300  seconds,  the  latter  at  40  W/kg.  The  ambient  temperature 
was  22  +/-  2  deg  C  and  the  relative  humidity  ranged  between  45X  and  55X. 
Colonic  temperatures  were  measured  once  more  on  completion  of  exposure. 

The  mean  colonic  temperature  for  the  sham-exposed,  non-injected  group 
remained  essentially  at  baseline  throughout  the  entire  measurement 
period,  as  did  the  value  for  the  non-injected  RFR  group  until  the  start 
of  RFR  exposure;  by  the  end  of  exposure,  the  mean  temperature  of  the 
latter  group  had  risen  to  about  40.2  deg  C.  The  mean  temperature  of 
both  cortisone-injected  groups  declined  from  baseline  at  injection  time 
to  about  36  deg  C  at  the  start  of  exposure;  it  remained  at  the  same 
level  for  the  sham-exposed  group  but  returned  to  baseline  for  the  RFR 
group  by  the  end  of  exposure.  Analyses  of  variance  showed  the  results 
to  be  reliable.  As  noted  by  the  authors,  the  dosimetric  findings  are 
pertinent  only  to  whole-body  exposure. 

In  a  study  by  Smialowicz  et  al.  (1980),  rats  rendered  hypothermic  by 


parenteral  administration  of  bacterial  endotoxin  were  maintained  in  a 
controlled  environment  at  22  deg  C  and  50X  relative  humidity  and  exposed 

for  90  min  to  2.45-GHz  CW  RFR  at  1,  5,  or  10  raW/sq  cm  (0.2,  1.0,  or  2.0 

W/kg).  Significant  increases  were  observed  in  body  temperature  compared 
with  endotoxin-treated,  sham-exposed  rats.  The  response  magnitude  was 
related  to  power  density  (magnitudes:  10  mW/sq  cm  >  5  mW/sq  cm  >  1  mW/sq 
cm).  Saline-injected  rats  exposed  for  90  min  at  5  mW/sq  cm  (1  W/kg) 

showed  no  significant  increase  in  body  temperature  compared  with  saline- 

injected,  sham-exposed  rats.  Endotoxin-induced  hypothermia  in  rats  was 
also  found  to  be  affected  by  ambient  temperature  alone  (in  the  absence 
of  RFR),  i.e.,  increases  of  ambient  temperature  above  22  deg  C  yielded 
concomitant  increases  in  body  temperature. 

The  results  of  this  investigation  indicate  that  relatively  low  RFR 
power  densities  or  SARs  (of  the  order  of  1  mW/sq  cm  or  0.2  W/kg)  are 
absorbed  in  the  rat  as  heat  that  is  not  manifested  as  an  increase  in 
colonic  temperature  in  normothermic  animals  but  that  can  be  detected  in 
rats  rendered  hypothermic  by  endotoxin  injection.  These  findings 
support  the  contention  that  RFR  interaction  at  such  RFR  levels  is 
primarily  thermal. 

Smialowicz  et  al.  (1981a)  also  rendered  unrestrained,  unanesthetized 
mice  hypothermic  by  injecting  them  with  5-hydroxytryptamine  (5-HT)  in  a 
controlled  environment  of  22  deg  C  and  50X  relative  humidity.  Mice 
injected  with  saline  were  used  as  controls.  Colonic  temperatures  were 
measured  prior  to  injection.  Following  injection,  groups  of  mice  were 
exposed  to  2.45-GHz  CW  RFR  for  15  min  at  10,  5,  or  1  mW/sq  cm  (SAR  of 
7.2,  3.6,  or  0.7  W/kg)  or  were  sham-exposed,  after  which  their  colonic 
temperatures  were  measured  again.  The  experiments  were  performed  with 
BALB/C  and  CBA/J  mice. 


For  saline-injected  mice  of  either  type,  there  were  no  significant 
rectal-temperature  differences  between  mice  exposed  at  10  mW/sq  cm  and 
sham-exposed  mice.  For  BALB/C  mice  rendered  hypothermic  with  5-HT,  the 
rectal  temperatures  were  significantly  higher  for  those  exposed  at  all 
three  power  densities  than  those  sham-exposed,  and  the  differences  rose 
monotonical ly  with  power  density.  The  results  for  the  CBA/J  mice  were 
similar,  but  the  increases  were  statistically  significant  only  at  5  and 
10  mW/sq  cm.  The  investigators  concluded  that  subtle  heating  by  RFR  can 
alter  the  thermoregulatory  capacity  of  mice  rendered  hypothermic  by  5- 
HT,  whereas  the  colonic  temperature  of  normal  (saline-injected)  mice  was 
not  significantly  altered  by  exposure  at  10  raW/sq  cm. 


Lai  et  al.  (1983)  studied  the  effects  of  various  psychoactive  drugs  in 
rats  exposed  for  45  min  to  2.45-GHz  pulsed  RFR  (2-microsecond  pulses, 

500  pps)  at  1  raW/sq  cm  average  power  density  (0.6  W/kg).  Aporaorphine- 
induced  hypothermia  and  stereotypy  were  enhanced  by  the  RFR  exposure. 
Amphetamine-induced  hyperthermia  was  attenuated  while  stereotypy  was 
unaffected.  Catalepsy  and  lethality  induced  by  morphine  were  enhanced 
by  the  RFR  at  certain  dosages  of  the  drug.  Because  these  drugs  have 
different  modes  of  action  on  central  neural  mechanisms  and  the  effects 
of  microwaves  depend  on  the  particular  drug  studied,  these  results  show 
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the  complex  nature  of  the  effect  of  RFR  exposure  on  brain  functions. 


In  a  similar  investigation,  Lai  et  al.  (1984a)  performed  two  series  of 
experiments  to  study  the  effects  of  acute  exposure  (45  min)  to  the  same 
RFR  on  the  actions  of  pentobarbital  in  the  rat.  In  the  first  series, 
rats  were  exposed  to  RFR  first  and  then  injected  with  pentobarbital 
immediately.  Exposure  did  not  significantly  affect  the  extent  of  the 
pentobarbital-induced  fall  in  colonic  temperature.  However,  recovery 
from  the  hypothermia  was  at  a  significantly  slower  rate  in  the  RFR- 
exposed  rats  and  they  also  took  a  significantly  longer  time  to  regain 
their  righting  reflex. 

In  the  second  series,  rats  were  anesthetized  with  pentobarbital  first 
and  then  exposed  to  RFR  with  their  heads  either  pointing  toward  the  RFR 
source  (anterior  exposure)  or  pointing  away  (posterior  exposure).  In 
either  orientation,  exposure  significantly  retarded  the  pentobarbital- 
induced  fall  in  colonic  temperature.  However,  recovery  from  hypothermia 
was  significantly  faster  in  posterior-exposed  animals  compared  to  the 
recovery  of  anterior-exposed  and  sham-exposed  animals.  Furthermore,  the 
posterior-exposed  rats  took  a  significantly  shorter  time  to  regain  their 
righting  reflex  than  both  the  anterior-exposed  and  sham-exposed  rats. 

Similar  results  were  obtained  by  Lai  et  al.  (1984b)  on  the  effects  of 
acute  exposure  to  the  same  RFR  on  ethanol-induced  hypothermia.  The 
authors  also  found  that  the  RFR  did  not  affect  the  consumption  of  a  10Z 
sucrose  (w/v)  solution  by  water-deprived  rats,  but  it  enhanced  the 
consumption  of  a  solution  of  10Z  sucrose  (w/v)  +  15Z  ethanol  (v/v) 
by  water-deprived  animals,  as  discussed  in  more  detail  in  Section  3.8.1. 

Voluntary  thermoregulation  to  changing  ambient  environments  can  also 
be  altered  by  exposure  to  RFR.  Stern  et  al.  (1979)  trained  rats  with 
fur  clipped  to  press  a  lever  that  turned  on  an  infrared  lamp  while  in  a 
cold  chamber.  When  the  trained  rats  were  exposed  to  2.45-GHz  CW  RFR  for 
15-min  periods,  the  rate  at  which  they  turned  on  the  lamp  decreased  as  a 
function  of  the  RFR  power  density,  which  ranged  between  5  and  20  mW/sq 
cm  (1-4  W/kg).  The  authors  concluded  that  the  rat  responds  to  maintain 
a  nearly  constant  thermal  state.  In  the  absence  of  RFR,  the  lamp  is  the 
sole  heat  source.  With  RFR  present,  the  rat  compensates  by  reducing  the 
response  rate,  thereby  reducing  the  infrared-heat  contribution.  Thus, 
voluntary  thermoregulation  is  an  index  of  the  thermal  burden  contributed 
by  RFR.  The  rapidity  of  this  behavioral  response  is  such  that  it  cannot 
be  mediated  by  deep-body  (colonic)  temperature  rise,  and  indeed  there 
was  no  change  in  colonic  temperature  at  5  mW/sq  cm  ( 1  W/kg). 

In  summary,  the  thermal  basis  for  the  various  reported  effects  of  RFR 
on  the  autonomic  thermoregulatory  systems  of  mammals  and  their  behavior¬ 
al  thermoregulatory  responses  to  RFR  is  clearly  evident.  Noteworthy  are 
the  results  for  the  primates  because  of  their  far  greater  similarities 
to  humans  than  the  other  laboratory  animals  studied.  Based  on  these 
results,  it  is  unlikely  that  humans  chronically  exposed  to  RFR  at  whole- 
body  SARs  of  the  order  of  1  W/kg  or  lower  will  be  adversely  affected. 
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3.6.2  ENDOCRINOLOGY 


Exposure  of  animals  to  RFR  has  produced  somewhat  inconsistent  effects 
on  the  endocrine  system  of  mammals.  In  general,  the  effects  produced 
are  apparently  related  to  either  the  heat  load  associated  with  the  RFR 
or  the  stress  induced  in  the  animals  by  the  RFR  and  possibly  by  other 
experimental  circumstances.  Some  effects  also  appear  to  be  related  to 
alteration  of  the  circadian  rhythm  by  RFR.  Effects  clearly  demonstrated 
to  be  associated  with  nonthermogenic  stimulation  of  the  endocrine  system 
or  the  associated  parts  of  the  CNS  are  not  evident. 

Because  of  the  known  sensitivity  of  the  testes  to  heat,  studies  were 
conducted  on  the  effects  of  RFR  on  gonadal  function  in  animals.  As  dis¬ 
cussed  in  Section  3.5.3,  Prausnitz  and  Susskind  (1962)  exposed  mice  to 
9.3-GHz  RFR  at  100  mW/sq  cm  for  4.5  min/day  (which  increased  mean  body 
temperatures  by  3.3  deg  C)  for  5  days/week  over  59  weeks  (SAR  about  45 
W/kg).  Testicular  degeneration  was  found  in  40X  of  the  RFR-exposed  and 
in  8Z  of  the  control  mice  that  had  died  during  the  course  of  the 
experiment.  However,  no  endocrinological  data  were  presented. 

Lancranjan  et  al.  (1975)  studied  31  men  (mean  age  33  years)  who  were 
occupationally  exposed  to  RFR  in  the  3.6-  to  10-GHz  range  at  power  den¬ 
sities  ranging  from  tenths  to  hundredths  of  a  mW/sq  cm  for  1  to  17  years 
(a  mean  of  8  years).  By  questionnaire,  potential  subjects  having  endo- 
crinologic  diseases,  venereal  infections,  varicocel,  hydrocel,  trauma  of 
the  testes,  and  other  conditions  affecting  spermatogenesis  were  elimi¬ 
nated.  Semen  volume  was  measured  and  counts  of  total,  mobile,  and  ab¬ 
normal  sperm  per  ml  were  made  for  each  subject  after  at  least  3  days  of 
sexual  inactivity.  The  total  neutral  17-ketosteroids  (17-ks)  and  total 
gonadotropins  (TG)  in  24-hr  urine  were  determined  for  19  of  the  sub¬ 
jects.  Controls  consisted  of  30  unexposed  men  (mean  age  34  yrs)  for 
semen  analyses,  8  for  17-ks  analyses,  and  10  for  TG  analyses. 

The  authors  stated  that  23  (74X)  of  the  exposed  subjects  exhibited 
alterations  of  spermatogenesis,  but  provided  no  details  except  mean 
values  for  the  entire  group  relative  to  those  for  the  controls.  The 
mean  total  sperm  count  for  the  subjects  was  50  +/-  24  (SD)  million  per 
ml.  The  corresponding  value  for  the  controls  was  60  +/-  34  million  per 
ml.  The  authors  stated  that  the  difference  was  significant  with  the  t- 
test  (p<0.02),  but  calculation  shows  that  t  was  1.33,  yielding  p>0.1  for 
the  2-tailed  test  or  p>0.5  for  the  1-tailed  test. 

The  mean  numbers  of  motile  and  normal  sperm  for  -he  exposed  group  were 
36  +/-  10  and  70  +/-  6  raillion/ml,  respectively,  and  the  corresponding 
values  for  the  control  group  were  54  +/-  19  and  82  +/-  7  million/ml. 

Both  differences  were  statistically  significant  (p<0.001),  as  stated  by 
the  authors. 

There  was  no  significant  difference  between  the  mean  17-ks  elimination 
for  the  19  exposed  subjects  and  the  8  controls.  Also,  14  subjects  had 
normal  values  of  TG  elimination,  4  had  higher  values,  and  1  had  a  value 
below  the  lower  limit  of  the  normal  range;  this  man  (age  33  yrs)  had 


been  exposed  to  RFR  for  14  yrs  and  also  exhibited  azoospermia.  The 
authors  interpreted  the  normal  and  higher  values  of  TG  as  ruling  out  the 
possibility  that  spermatogenesis  alteration  was  secondary  to  a  central 
diencephalo-pituitary  disorder  that  induced  a  decrease  in  gonadotropic 
stimulation,  but  rather  as  due  to  direct  effect  of  RFR  on  the  germinal 
epithelium  of  the  gonads. 

The  authors  also  stated  that  80S  of  the  exposed  subjects  suffered  from 
asthenic  syndrome,  which  included  complaints  of  decreases  of  libido  and 
of  erection,  ejaculation,  and/or  other  orgasm  disturbances.  They  also 
noted  that  reinvestigation  after  three  months  of  interruption  of  RFR 
exposure  showed  improved  spermatogenesis  in  two-thirds  of  the  subjects, 
but  gave  no  data. 

As  in  other  studies  of  possible  effects  of  occupational  exposure  to 
RFR,  accurate  information  was  lacking  on  intensities  and  exposure  dura¬ 
tions.  The  authors  did  indicate  that  the  intensity  "varied  according  to 
the  working  process,  the  existence  of  some  shielding  systems,  and  the 
power  installations,"  but  did  not  give  other  details  on  the  various  ex¬ 
posure  situations.  Moreover,  it  is  difficult  to  determine  the  influence 
of  physiological  and  emotional  factors  not  related  to  RFR  exposure  in 
the  occupational  environment  or  in  the  perscnal  lives  of  the  subjects, 
especially  with  so  few  subjects.  Such  factors  could  adversely  affect 
spermatogenesis  and  give  rise  to  the  subjective  complaints  mentioned, 
and  removal  from  the  occupational  environment  for  three  months  could 
produce  improvement.  Therefore,  these  findings  are  open  to  question. 

Muraca  et  al.  (1976)  exposed  the  testes  of  anesthetized  Sprague-Dawley 
rats  to  2.45-GHz  RFR  at  80  raW/sq  cm.  Colonic  temperature  was  monitored 
during  exposure  with  a  thermocouple  probe.  The  temperature  of  the  right 
testis  was  measured  with  a  needle  thermistor  and  was  used  to  switch  the 
RFR  source  on  and  off  to  permit  automatic  attainment  and  maintenance  of 
any  desired  testicular  temperature  for  appropriate  time  periods.  In 
preliminary  experiments,  it  was  found  that  testicular  temperature  rise 
to  40  deg  C  by  single  exposures  for  10  to  73  rain  caused  degenerative 
changes.  Therefore,  testicular  temperature  rises  to  36,  38,  40,  and  42 
deg  C  were  selected  for  study.  Groups  of  rats  were  given  single  or  five 
consecutive  daily  exposures  to  RFR  to  attain  these  temperatures  and  the 
testes  of  other  groups  were  subjected  to  water  bath  submersion  at  these 
temperatures  for  comparison.  Five  days  after  treatment,  the  rats  were 
euthanized  and  their  testes  were  fixed,  sectioned,  stained,  and  examined 
for  histological  changes  (classed  0  to  3,  with  0  for  normal  histology). 

For  the  single  RFR  exposures  to  attain  testicular  temperatures  of  36, 
38,  40,  and  42  deg  C,  the  corresponding  treatment  times  were  60,  60,  27, 
and  10  min,  which  respectively  yielded  testicular  damage  in  33X,  22X, 
20X,  and  80X  of  the  rats.  Five  consecutive  daily  RFR  exposures  for  the 
same  durations  yielded  damage  in  100X,  40X,  100X,  and  100X  of  the  rats. 
Single  submersions  in  a  water  bath  at  these  temperatures  for  the  same 
durations  produced  testicular  damage  respectively  in  17X,  18X,  40X,  and 
60X.  The  corresponding  values  for  five  consecutive  daily  immersions 
were  66X,  50X,  50X,  and  50X. 


No  statistical  analyses  of  the  results  were  presented.  However,  the 
authors  noted  that  multiple  treatments  nearly  always  produced  damage  in 
larger  percentages  of  rats  than  the  corresponding  single  treatments  and 
that  exposure  to  the  RFR  may  cause  an  increase  in  damage  not  seen  in 
comparable  water- immersion  heating,  probably  because  of  the  greater 
heating  efficiency  of  RFR. 

Cairnie  and  Harding  (1981)  exposed  arrays  of  up  to  10  conscious  mice 
urestrained  within  cages  to  2.45-GHz  CW  RFR  at  a  spatial  average  power 
density  of  37  mW/sq  cm  for  16  hr  per  day  for  1  to  30  days.  When  mice 
were  exposed  for  more  than  one  day  (16  hr/day),  the  location  of  each 
mouse  in  the  array  was  shifted  daily.  The  exposure  arrangements  and 
dosimetry  were  presented  in  detail  in  Cairnie  et  al.  (1980). 

In  Cairnie  et  al .  (1980),  whole-body  SARs  were  determined  in  mouse 
carcasses  for  various  exposure  orientations  by  calorimetry.  The  mean 
values  for  27-g  mice  in  the  E,  K,  and  H  orientations  were  1.204,  0.632, 
and  0.587  W/kg  per  mW/sq  cm,  respectively,  consonant  with  calculations 
by  Durney  et  al .  (1978),  p.  99,  for  a  25-g  prolate-spheroidal  model  of  a 
mouse.  Thus,  the  corresponding  mean  whole-body  SARs  at  37  mW/sq  cm  were 
44.6,  23.4,  and  21.7  W/kg.  Relative  energy-deposition  patterns  in  the 
sagittal  plane  of  mouse  carcasses  were  determined  by  thermography  after 
exposure  in  various  orientations.  In  each  orientation,  absorption  in 
the  abdomen  was  markedly  greater  than  in  the  testis  but  not  as  high  as 
in  parts  of  the  head  or  hindquarters.  Local  temperatures  in  the  abdomen 
and  testis  of  mouse  carcasses  were  variable,  but  were  summarized  as  0,4 
W/kg  per  mW/sq  cm  or  less  in  the  testis,  independent  of  orientation,  or 
14.8  W/kg  at  37  mW/sq  cm.  Also,  the  ratio  of  the  SAR  in  the  abdomen  to 
the  SAR  in  the  testis  was  11.9  +/-  3.7  (SE)  for  the  E  orientation. 

Cairnie  et  al.  (1980)  also  measured  rectal  and  testis  temperatures  in 
14  mice  euthanized  after  unanesthetized  exposure  for  16  hr  at  50  mW/sq 
cm  (60  W/kg)  and  in  10  mice  after  similar  sham-exposure,  and  used  cool¬ 
ing  curves  to  determine  the  temperatures  immediately  after  cessation  of 
exposure.  The  mean  rectal  temperatures  for  the  RFR  and  sham  groups  were 
36.19  and  34.83  deg  C,  respectively,  a  significant  difference.  However, 
the  mean  testis  temperatures  for  the  RFR  and  sham  groups  were  34.44  and 
34.05  deg  C,  respectively,  a  nonsignificant  difference,  indicating  that 
the  testis  thermoregulatory  system  was  able  to  fully  compensate  for  the 
increased  thermal  burden  from  RFR  at  close  to  lethal  level. 

The  tests  used  for  assessing  damage  were  described  in  Cairnie  and 
Leach  (1980).  Damaged  testicular  cells  in  a  suspension  made  from  fresh 
testis  were  identified  by  their  uptake  of  trypan  blue,  scored  by  phase- 
contrast  microscopy.  For  sperm  counts,  aliquots  of  sperm  suspensions 
obtained  from  each  epididymis  were  counted  separately.  Percentages  of 
abnormal  sperm  in  suspensions  obtained  from  each  epididymis  were  scored 
for  abnormal  heads  or  tails.  All  scorings  were  performed  blind,  i.e., 
without  knowledge  regarding  prior  treatment  of  each  mouse. 

In  experiment  1,  male  mice  of  the  B6C3F1  strain  were  exposed  in  groups 
of  12  concurrently.  From  the  power-density  distribution  in  the  array, 


seven  of  the  mice  were  exposed  at  21  raW/sq  cm  (whole-body  SAR  25.3  W/kg, 
8.4  W/kg  in  the  testes)  and  the  other  five  mice  at  34  mW/sq  cm  (whole- 
body  40.9  W/kg,  13.6  W/kg  in  the  testes).  The  authors  stated  that  since 
there  were  no  significant  differences  within  or  between  the  subgroups, 
the  data  for  the  12  mice  in  each  group  were  combined. 

In  the  first  part  of  this  experiment,  one  group  was  exposed  to  the  RFR 
for  1  hr  (9  to  10  am),  another  for  2  hr  (9  to  11  am),  another  for  4  hr 
(9  am  to  1  pm),  still  another  for  8  hr  (7  am  to  1  pm),  and  the  fifth 
group  for  20  hr  (5  pm  to  1  pm  the  next  day);  the  sixth  group  was  sham- 
exposed  for  20  hr.  The  mice  in  all  six  groups  were  euthanized  at  1  pm. 
In  the  second  part,  four  groups  were  exposed  to  the  RFR  for  16  hr/day  (5 
pm  to  9  am):  one  group  for  one  day  only,  another  on  two  successive  days, 
another  on  four  successive  days,  and  still  another  on  eight  successive 
days;  a  fifth  group  was  sham-exposed  16  hr/day  for  eight  days.  These 
five  groups  were  euthanized  at  9  am  on  the  last  treatment  day. 

The  mice  treated  in  both  parts  of  experiment  1  were  assayed  only  for 
uptake  of  trypan  blue  by  damaged  testicular  cells.  The  mean  percentages 
of  cells  for  the  groups  in  the  first  part,  i.e.,  exposed  to  the  RFR  for 
1,  2,  4,  8,  or  16  hr,  or  sham-exposed  for  16  hr,  were  1.38,  0.95,  1.33, 
2.36,  4.06,  and  1.62,  respectively.  By  t-test,  the  difference  between 
each  RFR  group  and  the  sham  group  was  not  significant.  The  results  for 
the  mice  in  the  second  part  were  1.55,  1.73,  1.63,  and  19.3  for  those 
exposed  to  the  RFR  for  1,  2,  4,  and  8  days,  respectively,  and  1.38  for 
the  group  sham-exposed  for  8  days.  The  differences  among  these  values 
were  not  significant. 

In  experiment  2,  70  B6C3Fl-strain  mice  were  exposed  to  the  RFR  16 
hr/day  for  4  days.  Groups  of  five  mice  each  were  euthanized  at  inter¬ 
vals  from  immediately  to  10  weeks  after  exposure  and  assayed  for  sperm 
counts  and  percentages  of  abnormal  sperm.  The  results  showed  a  nonmono¬ 
tonic  but  significant  increase  of  sperm  count  with  time  interval  after 
exposure,  consistent  with  the  maturation  of  the  mice,  a  result  similar 
to  that  obtained  previously  by  Cairnie  and  Leach  (1980)  without  RFR 
exposure.  Also,  there  were  no  significant  differences  in  percentages  of 
abnormal  sperm  among  the  groups  euthanized  at  the  various  intervals. 

Experiment  3  was  performed  to  ascertain  whether  the  B6C3F1  strain  is 
especially  resistant  to  testicular  damage,  based  on  results  by  Bruce  et 
al.  (1974)  indicating  that  this  strain  has  a  low  background  level  of  ab¬ 
normal  sperm  (about  IX).  In  the  first  part  of  this  experiment,  10  mice 
each  of  strains  B6C3F1,  C3H/HeB,  Balb/c,  C57B1/6B,  and  Swiss-Webster 
were  treated  in  a  water  bath  at  40  deg  C  for  2  hr.  Five  of  each  group 
were  euthanized  4  hr  after  treatment  and  assayed  for  percentage  of 
damaged  testicular  cells,  sperm  count,  and  percentage  of  abnormal  sperm. 
The  other  five  mice  of  each  group  were  kept  in  the  animal  facility  for  2 
weeks  after  treatment,  at  which  time  they  were  euthanized  and  assayed 
for  sperm  count  and  percentage  of  abnormal  sperm.  Control  values  were 
obtained  from  mice  of  each  strain  kept  overnight  in  the  anechoic  chamber 
but  not  exposed  to  RFR  or  treated  in  the  water  bath. 


The  percentages  of  damaged  testicular  cells  did  not  differ  signifi¬ 
cantly  among  the  control  groups  for  the  five  strains.  However,  signifi¬ 
cant  differences  in  sperm  counts  and  percentages  of  abnormal  sperm  were 
seen  between  some  control  groups.  More  important,  the  mean  sperm  count 
for  each  strain  euthanized  4  hr  after  treatment  was  smaller  than  for  its 
control  group,  with  the  differences  for  the  B6C3F1  and  C3H/HeB  strains 
significant,  and  the  counts  for  the  groups  euthanized  2  weeks  after 
treatment  were  all  markedly  lower  than  for  their  respective  control 
groups.  The  differences  in  percentages  of  abnormal  sperm  between  the 
groups  euthanized  4  hr  after  treatment  and  their  respective  control 
groups  were  nonsignificant.  For  the  groups  euthanized  2  weeks  after 
treatment,  however,  the  abnormal-sperm  percentages  for  four  of  the 
strains  were  markedly  higher  than  for  their  control  groups.  The  excep¬ 
tion  was  the  C3H/HeB  strain;  its  percentage  was  nonsignif icantly  higher 
than  for  its  control  group.  Thus,  most  of  the  results  for  this  part  of 
experiment  3  indicated  that  the  treatment  with  water  at  40  deg  C  for  2 
hr  was  deleterious. 

Three  groups  of  10  mice  of  each  strain  were  used  in  the  other  part  of 
experiment  3.  One  group  of  each  strain  was  exposed  at  about  27  mW/sq  cm 
for  2  hr  (5  am  to  7  am),  the  second  group  was  exposed  at  about  the  same 
power  density  for  16  hr  (5  pm  to  9  am),  and  the  third  group  was  sham- 
exposed  for  16  hr.  Five  mice  of  each  group  were  euthanized  at  9  am  for 
the  three  assays  and  the  others  of  each  group  were  kept  in  the  animal 
facility  for  2  weeks  before  being  euthanized  and  assayed.  None  of  the 
means  for  the  RFR  groups  differed  significantly  from  the  means  for  their 
respective  sham  groups.  The  authors  concluded:  "Thus,  the  changes  seen 
after  2  hr  in  a  water  bath  at  40  deg  C  could  not  be  replicated  by  expo¬ 
sure  to  microwaves  for  2  or  16  hr  at  an  exposure  rate  of  27  mW/sq  cm." 
They  also  concluded  that  the  B6C3F1  strain  does  not  have  any  peculiar 
resistance  to  RFR  damage. 

In  experiment  4,  two  groups  of  18  mice  each  (of  the  B6C3F1  strain) 
were  exposed  to  RFR  at  37  mW/sq  cm  for  30  consecutive  days,  16  hr/day. 
For  this  experiment,  a  second  array  of  cages  was  added  closer  to  the 
antenna  (at  about  half  the  conventional  distance  to  the  far-field  bound¬ 
ary)  and  an  RFR  source  of  higher  power  was  used,  which  permitted  expo¬ 
sure  of  18  mice  in  locations  that  differed  in  power  density  at  most  by  a 
ratio  of  about  2.  Moreover,  the  mice  of  each  group  were  rotated  daily 
through  the  array  positions,  thus  providing  substantially  the  same  time- 
average  power  density  for  each.  Two  control  groups  of  18  mice  from  the 
same  batches  were  maintained  in  individual  cages  in  the  same  animal  fa¬ 
cility.  Six  mice  of  each  group  were  used  for  reproductive  trials  (re¬ 
sults  not  reported  in  this  paper),  two  mice  were  assayed  at  exposure  end 
for  percentage  of  trypan-blue  staining,  and  10  were  assayed  for  percent¬ 
age  of  abnormal  sperm  at  half-week  intervals  up  to  8  weeks  after  com¬ 
pletion  of  exposure.  None  of  the  results  showed  any  significant  differ¬ 
ences  ascribable  to  the  RFR. 

In  their  discussion,  the  authors  noted  that  for  study  of  possible  RFR- 
induced  testicular  damage,  the  mouse  is  an  inadequate  model  for  man, 
because  the  dimensions  of  the  mouse  are  much  smaller,  it  is  a  quadruped, 


its  scrotum  is  nonpendulous ,  and  its  testes  migrate  freely  through  the 
inguinal  canal  between  scrotum  and  abdomen,  the  latter  point  implying 
that  testicular  function  is  adapted  to  temperature  elevations  to  37  deg 
C  for  at  least  short  periods. 

Saunders  and  Kowalczuk  (1981)  exposed  the  rear  halves  of  anesthetized 
mature  male  mice  to  2.45-GHz  RFR  in  a  waveguide  system  for  30  min.  The 
half-body  SARs  ranged  from  18  to  75  W/kg.  The  corresponding  rectal 
temperatures  at  the  end  of  exposure  ranged  from  35.3  to  42.2  deg  C. 

Other  anesthetized  mice  were  sham-exposed,  which  yielded  a  mean  rectal 
temperature  of  32.6  deg,  about  4-5  deg  C  lower  than  for  conscious  mice. 
For  comparison,  the  rear  halves  of  still  other  anesthetized  mice  were 
heated  for  30  min  in  a  water  bath  to  37,  41,  43,  or  45  deg  C,  which 
resulted  in  rectal  temperatures  from  36.4  to  40.7  deg  C.  Six  days  after 
treatment,  sections  of  testes  were  scored  for  cell  damage  and  sperm 
counts  were  made. 

Extensive  degeneration  of  the  spermatogenic  epithelium  was  evident  for 
RFR  exposure  at  75  W/kg  and  for  direct  heating  to  45  deg  C.  At  SARs  of 
57  and  46  W/kg  or  temperatures  of  43  and  41  deg  C,  marked  depletion  of 
spermatids  and  spermatocytes  but  not  spermatogonia  was  observed.  At 
lower  SARS  (0-37  W/kg)  or  at  37  deg  C,  no  effects  were  seen.  Testicular 
temperatures  taken  with  probes  implanted  in  the  testes  of  other  groups 
of  mice  were  found  to  be  SAR-dependent ,  and  indicated  the  existence  of  a 
threshold  of  about  39  deg  C  for  depletion  of  spermatocytes  and  of  about 
41  deg  C  for  50X  cell  death  after  6  days  of  RFR  exposure  or  direct 
heating.  The  corresponding  SARs  for  these  two  thresholds  were  20  and  30 
W/kg,  respectively. 

Lebovitz  and  Johnson  (1983)  exposed  14  unanesthetized  male  Sprague- 
Dawley  rats  to  pulsed-modulated  circularly  polarized  RFR  (1-microsecond 
pulses  of  1.3-GHz  RFR,  600  pps)  6  hr/day  for  9  days  during  a  2-week 
period  concurrently  in  individual  cylindrical  waveguides.  The  whole- 
body  SAR  was  6.3  W/kg,  which  produced  a  mean  core-temperature  rise  of 
1.5  deg  C.  A  group  of  15  rats  was  similarly  sham-exposed. 

Deep  rectal  temperatures  were  measured  hourly  in  three  sham-exposed 
rats  and  four  rats  exposed  at  6.3  or  6.9  W/kg  for  6  hr  and  otherwise 
handled  in  the  same  fashion  as  those  used  in  the  testicular  experiments. 
The  mean  rise  of  core  temperature  for  the  6.3-W/kg  group  was  1.5  to  2 
deg  C.  The  rise  was  attained  during  the  first  hr  and  was  stable  for  the 
rest  of  the  period.  The  mean  rise  for  the  6.9-W/kg  group  was  slightly 
but  not  significantly  higher  than  for  the  6.3-W/kg  group.  Thus,  the 
rats  were  able  to  accommodate  (attain  an  elevated  but  stable  body 
temperature)  to  these  levels  of  exogenous  thermogenesis.  There  were  no 
significant  core-temperature  changes  in  the  sham-exposed  rats. 

The  rats  were  weighed  and  decapitated  at  6.5,  13.0,  26.0,  or  52  days 
after  the  last  treatment  day,  corresponding  to  0.5,  1.0,  2.0,  or  4.0 
cycles  of  spermatogenesis.  Testes  were  separated  from  the  epididymides 
before  weighing  each  testis  and  epididymis  and  the  seminal  vesicles. 

The  right  testis  was  decapsulated ,  the  tunica  albuginea  weighed,  and  the 
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testis  homogenized.  The  spermatids  resistant  to  homogenization  were 
enumerated  by  phase-contrast  cytometry.  Daily  sperm  production  (DSP) 
per  testis  was  calculated  by  dividing  the  number  o£  resistant  spermatids 
by  the  6.3-day  life  span.  DSP/g  of  parenchyma  was  obtained  by  dividing 
DSP/testis  by  the  difference  between  testis  and  tunic  weights.  The 
number  of  sperm  in  the  right  epididymis  was  determined  from  epididymal 
homogenates.  The  left  testis  was  fixed,  osmicated,  sectioned,  stained, 
and  examined  by  bright-field  microscopy. 

The  results  showed  some  trend  toward  lower  testicular  and  epididymal 
weights  and  toward  lower  levels  of  DSP/testis  for  the  RFR-exposed  rats 
compared  to  the  sham-exposed  rats,  but  by  two-way  analysis  of  variance, 
the  differences  were  not  significant.  No  significant  differences  for 
RFR-  vs  sham-exposure  were  found,  and  the  interactions  between  treatment 
and  spermatogenic  cycle  were  also  not  significant. 

The  RFR-exposed  rats  examined  on  day  6.5  after  treatment  (0.5  cycle  of 
spermatogenesis)  yielded  87. 6X  normal  sperm  compared  with  95. 8X  for  the 
corresponding  sham-exposed  rats,  a  significant  difference.  However, 
most  of  the  abnormal  sperm  in  the  former  group  were  derived  from  one  rat 
that  yielded  45. 5X  abnormal  sperm,  rendering  the  finding  suspect.  Since 
spermatogenic  cycle  at  time  of  sacrifice  was  not  a  significant  factor, 
the  data  for  all  cycles  were  pooled.  No  significant  differences  were 
found  in  pooled  values  of  any  endpoint  for  RFR-  and  sham-exposed  rats. 


The  weight  of  seminal  vesicles  was  taken  as  a  measure  of  testicular 
endocrine  function.  The  nonsignificant  differences  between  values  for 
the  RFR-  and  sham-exposed  rats  indicated  that  RFR  exposure  at  6.3  W/kg 
was  not  deleterious  to  the  production  of  testosterone.  This  finding  was 
supported  by  the  histological  evaluations  by  light  microscopy,  which 
showed  similarities  in:  structure  of  seminiferous  tubules,  abundance  of 
all  types  of  developing  germ  cells,  and  structure  of  Leydig  cells. 

The  authors  noted  that  exposure  of  rats  at  6.3  W/kg  yielded  not  only 
an  unambiguous  core-temperature  elevation,  but  also  immediate  altera¬ 
tions  in  food-reinforced  behavior  (Lebovitz,  1981;  see  Section 
3. 7. 1.1),  and  that  both  effects  were  fully  reversible.  They  suggested 
that  if  these  effects  were  due  solely  to  the  RFR  acting  as  an  added 
thermal  burden  and  a  sensory  stimulus  or  cue,  there  would  be  little 
basis  for  considering  such  exposures  as  harmful. 

Regarding  other  endocrinologic  effects,  Todorovich  et  al.  (1965) 
exposed  three  groups  of  five  male  white  rats  to  "microwaves"  (frequency 
not  indicated),  one  group  each  at  20,  40,  and  60  mW/sq  cm,  for  10  min  at 
7  to  9  cm  from  a  dish  antenna  in  the  dorso-ventral  direction,  using  a 
"filter"  to  restrict  exposure  to  the  adrenal  area.  A  fourth  group  of 
rats  served  as  controls.  Blood  samples  drawn  from  the  tail  24  hr  before 
exposure  and  at  2  and  24  hr  after  exposure  were  assayed  for  sugar  level. 
Samples  were  also  drawn  daily  for  6  to  24  days  post-exposure,  depending 
on  power  density  and  effects  found.  The  rats  were  euthanized  after  the 
last  blood  sample  was  drawn  and  the  concentrations  of  ascorbic  acid  in 
the  adrenal  cortex  were  determined  by  impregnating  it  with  acidic  silver 
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nitrate  and  staining  and  counting  the  argyrophy 1 lous  granules  (capable 
of  binding  silver  salts)  in  the  cells. 

For  the  rats  exposed  at  20  mW/sq  cm,  the  mean  blood-sugar  level  at  2 
hr  after  exposure  was  almost  10X  higher  than  for  controls,  a  significant 
rise,  but  dropped  to  levels  not  significantly  different  from  controls  at 
1,  3,  and  6  days  post-exposure.  The  mean  levels  for  those  exposed  at 
40  mW/sq  cm  were  about  18X  and  16X  above  mean  control  level  at  2  and  24 
hr,  respectively,  both  significant  rises,  and  diminished  to  levels  that 
were  nonsignif icantly  higher  than  for  controls  at  3,  6,  and  9  days  post¬ 
exposure.  For  those  exposed  at  60  mW/sq  cm,  the  mean  blood-sugar  level 
rose  to  36Z  (its  maximum)  above  mean  control  level  at  2  hr,  decreased 
slightly  at  24  hr,  and  gradually  diminished  to  about  24Z  above  control 
level  (a  difference  still  significant)  by  24  days  after  exposure. 

For  the  rats  exposed  at  20  mW/sq  cm  and  euthanized  six  days  later,  the 
mean  number  of  stained  granules  in  the  adrenal  cortex  did  not  differ 
significantly  from  the  control  mean.  However,  for  those  exposed  at  40 
mW/sq  cm  and  euthanized  nine  days  later  and  for  those  exposed  at  60 
mW/sq  cm  and  euthanized  24  days  later,  the  granule  counts  diminished  by 
about  24Z  and  36X,  respectively,  both  significant  changes. 

The  authors  stated:  "As  the  amount  of  ascorbic  acid  in  the  adrenal 
cortex  is  an  indication  of  its  function,  it  follows  that  the  microwaves 
had  a  stimulating  effect.  Therefore,  the  greater  blood  sugar  level  may 
also  be  ascribed  to  greater  hormone,  i.e.,  cortisone  and  hydrocortisone 
secretion  by  the  adrenal  cortex.  These  hormones,  together  with  the 
hormones  of  the  anterior  lobe  of  the  pituitary,  have  an  inhibitive 
effect  on  the  enzyme  hexokinase,  causing  changes  in  the  metabolism  of 
carbohydrates. " 

Milroy  and  Michaelson  (1972)  exposed  three  groups  of  male  rats  to 
2.45-GHz  RFR.  The  16  rats  comprising  one  group  were  exposed  once  at  100 
mW/sq  cm,  4  rats  each  for  10,  20,  and  30  rain  and  4  rats  for  40  min  or 
more;  the  10  rats  in  another  group  were  exposed  at  10  mW/sq  cm,  8  hr  per 
day,  for  8  weeks;  and  the  10  rats  in  the  third  group  were  exposed  at  1 
mW/sq  cm  continuously  for  8  weeks.  Of  three  control  groups,  one  group 
comprised  of  10  rats  was  maintained  in  stock  cages  under  conditions 
similar  to  those  for  the  exposed  groups;  another  group  (15  rats)  was 
exposed  to  infrared  radiation  (IR)  at  a  level  sufficient  to  yield  body- 
temperature  increases  comparable  to  those  with  the  RFR,  4  rats  each  for 
10,  20,  and  30  min  and  3  rats  for  40  rain  or  more;  the  5  rats  comprising 
the  third  group  were  sham-exposed.  From  a  prolate-spheroidal  model  of  a 
medium  rat  (Durney  et  al.,  1978,  p.  95),  the  whole-body  RFR  SARs  at  100, 
10,  and  1  raW/sq  cm  were  about  20,  2,  and  0.2  W/kg. 

The  gross  behavior  of  the  rats  during  exposure  was  observed.  The  body 
weights  and  body  temperatures  were  monitored  throughout  the  exposure  and 
post-exposure  periods.  Blood  samples  were  drawn  from  the  tail  at  4-week 
intervals  during  the  exposure  and  post-exposure  periods  and  assayed  for 
triiodothyronine  (T-3)  uptake,  thyroxine  (T-4),  and  thyroid-stimulating 
hormone  (TSH) .  Following  the  post-exposure  period,  half  the  surviving 


rats  were  tested  for  radioactive-iodine  uptake.  The  remaining  rats  were 
euthanized  and  their  pituitaries,  thyroids,  and  adrenals  were  examined 
for  histopathology .  The  eye  lenses  of  all  surviving  rats  were  examined 
for  opacities. 

A  plot  of  body  temperature  vs  duration  of  exposure  to  RFR  showed  an 
approximately  linear  rise  from  38.3  to  about  42  deg  C  by  the  38th  min. 

A  similar  plot  for  IR  showed  little  change  during  the  first  few  minutes, 
followed  by  a  relatively  steep  rise  from  37.5  to  about  42  deg  C  by  the 
25th  min.  The  difference  in  curve  shape  was  clearly  due  to  the  greater 
penetration  depth  of  the  RFR.  Of  the  66  rats  in  the  study,  5  deaths 
occurred  in  the  untreated  rats  and  21  died  during  the  experimental 
period,  with  none  during  exposure.  The  exposures  to  RFR  or  IR  for  40 
min  or  more  yielded  body  temperatures  that  exceeded  42.3  deg  C  and 
produced  irreversible  changes  and  death  in  6  rats  within  hours  of 
exposure.  The  remaining  deaths  occurred  randomly. 

No  significant  body-weight  changes  occurred  in  any  group.  No  unusual 
behavioral  changes  were  noted  among  the  sham-exposed  rats  or  those 
exposed  at  1  mU/sq  cm  (0.2  W/kg).  Rats  in  the  10-mW/sq-cm  (2-W/kg) 
group  decreased  their  activity  and  did  not  huddle  when  the  RFR  was  on, 
but  resumed  their  normal  activity  and  huddled  for  warmth  when  the  RFR 
was  off.  The  rats  exposed  at  the  higher  RFR  or  IR  levels  became 
increasingly  agitated  as  body  temperature  rose;  they  urinated  and 
salivated  on  themselves  for  cooling  and  became  prostrate  when  body 
temperature  reached  42  deg  C. 

No  significant  direct  effects  of  RFR  on  thyroid  function  were 
observed.  In  the  100-mW/sq-cra  RFR  (20-W/kg)  and  IR  groups,  no  differ¬ 
ences  in  T-3  uptake  or  T-4  level  were  detected  relative  to  each  other  or 
to  the  normal  range  (mean  +/-  1  SD)  for  controls.  In  the  10-mW/sq-cm 
(2-W/kg)  and  1-mW/sq-cm  (0. 2-W/kg)  groups,  the  T-3  uptake  decreased  to 
values  significantly  below  the  normal  range  for  controls,  but  so  did  the 
T-3  uptake  of  the  sham-exposed  group.  The  T-4  levels  of  the  10-mW/sq-cm 
and  1-mW/sq-cm  groups  were  near  the  upper  limit  of  the  normal  range  for 
controls,  but  the  levels  for  the  sham-exposed  group  were  significantly 
above  that  range.  No  changes  in  circulating  levels  of  TSH  were  detected 
for  any  group,  but  the  authors  noted  that  decreases  in  TSH  levels  were 
not  detectable  with  the  assay  method  used.  In  the  radioactive-iodine- 
uptake  tests,  no  significant  differences  among  groups  were  seen. 

The  necropsies  showed  varying  degrees  of  thyroid  destruction  in  all 
groups.  The  thyroids  of  the  rats  exposed  at  lethal  RFR  or  IR  levels 
showed  massive  destruction  of  autolytic  appearance,  but  the  extent  to 
which  such  destruction  occurred  by  post-mortem  autolysis  or  by  pre¬ 
terminal  hyperexia  could  not  be  determined.  There  were  no  specific 
pathological  changes  in  the  pituitaries  or  adrenals  af  any  of  the  rats. 
Of  90  lenses  (45  pairs)  examined,  89  were  free  of  opacities;  the  other 
lens,  from  a  rat  exposed  at  10  mW/sq  cm  (2  W/kg),  had  a  suture  defect 
that  was  probably  congenital. 

Parker  (1973)  sham-exposed  and  exposed  groups  of  male  Sprague-Dawley 


rats  to  far-field  2.45-GHz  CW  RFR  at  10,  15,  20,  or  25  mW/sq  cm  in  an 
anechoic  chamber  for  4,  16  or  60  hr.  The  whole-body  SARs  are  estimated 
to  have  been  about  2,  3,  4,  and  5  W/kg  (Durney  et  al . ,  1978,  p.  95). 
Rectal  temperatures  were  measured  immediately  after  exposure.  The  mean 
value  for  the  rats  exposed  for  16  hr  at  10  and  20  mU/sq  cm  and  for  60  hr 
at  15  mW/sq  cm  did  not  differ  significantly  from  the  mean  for  the  sham- 
exposed  rats,  but  was  significantly  higher  for  the  rats  exposed  at  25 
mW/sq  cm  (5  W/kg)  for  16  hr. 

Adrenal  epinephrine  level  and  phenylethanolamine-N-methyltransferase 
(PNMT)  activity  were  determined  after  adrenal  removal.  Plasma  and 
adrenal  corticosterone  were  assayed  for  rats  decapitated  within  30 
seconds  after  gentle  removal  of  each  rat  from  the  exposure  arrangement. 
The  ability  of  the  thyroid  to  concentrate  iodide  was  determined  by  using 
the  radiotracer  1-131  to  measure  the  thyroid/serum  (T/S)  ratio  of  iodide 
in  euthanized  rats.  Serum  was  analyzed  for  protein-bound  iodine  (PBI) 
and  thyroxine  (T-4)  levels.  Blood  samples  were  taken  for  determining 
hematologic  indices. 

The  rats  exposed  at  10  mW/sq  cm  (2  W/kg)  for  4  hr  showed  no  signifi¬ 
cant  differences  in  adrenal  weights,  PNMT  activity,  or  epinephrine  level 
relative  to  controls.  Adrenal  weights  were  unaltered  for  those  exposed 
at  10  mW/sq  cm  for  16  hr  and  there  were  no  significant  alterations  in 
adrenal  or  plasma  corticosterone  levels,  but  epinephrine  level  was 
lowered  and  PNMT  activity  was  increased  significantly.  There  were  no 
significant  differences  in  hematocrit  or  in  counts  of  total  leukocytes, 
lymphocytes,  or  eosinophils  between  this  16-hr  group  and  controls. 

For  the  rats  exposed  for  16  hr  at  10,  20,  or  25  mW/sq  cm  (2,  4,  or  5 
W/kg),  there  were  no  significant  differences  in  serum  PBI  or  T-4  levels 
or  in  T/S  ratio  relative  to  controls,  but  all  three  were  significantly 
lowered  for  60-rain  exposure  at  15  mW/sq  cm  (3  W/kg),  an  indication  of 
thyroid  function  suppression.  The  author  surmised  that  the  effects  were 
due  to  stress  from  the  whole-body  heat  load  or  selective  stimulation  of 
discrete  anatomical  areas  such  as  the  brain  or  thyroid. 

Mikolajczyk  (1976)  exposed  groups  of  35-day-old  male  Wistar  rats  to 
far-field  2.9-GHz  RFR  for  6  hr/day,  6  days/week  over  6  weeks  at  10  mW/sq 
cm  (about  2  W/kg,  Durney  et  al.,  1978,  p.  95)  in  an  anechoic  chamber. 

For  controls,  other  groups  were  similarly  sham-exposed.  On  the  day 
after  exposure  completion,  the  rats  were  weighed  and  decapitated,  and 
the  anterior  pituitary,  thyroid,  adrenals,  prostate,  and  testes  were 
excised  and  weighed.  No  significant  differences  between  RFR-  and  sham- 
exposed  rats  were  found  in  the  mean  body  weight  or  in  the  mean  weight  of 
each  organ.  Thus,  RFR  exposure  had  no  significant  effect  on  growth. 

The  anterior  lobe  of  the  pituitary  gland  (hypophysis)  of  each  rat  was 
homogenized  and  centrifuged,  and  the  supernatant  was  used  for  assays  of 
follicle-stimulating  hormone  (FSH),  growth  hormone  (GH),  and  luteinizing 
hormone  (LH).  These  assays  were  done  by  injection  of  supernatant  into 
30-day-old  male  and  female  rats  that  had  been  hypophysectomized ,  with 
saline  injection  for  control.  Body  weights  and  weights  of  the  adrenals 


and  ovaries  of  the  hypophysectomized  females  before  and  after  injection 
were  measured,  and  body  weights  and  weights  of  the  adrenals,  prostate, 
and  testes  of  the  hypophysectomized  males  prior  to  and  after  injection 
were  also  measured.  By  this  assay  method,  the  mean  amounts  of  FSH  and 
GH  in  the  RFR  and  sham  groups  were  found  to  be  comparable,  but  the  mean 
amount  of  LH  for  the  RFR  group  was  significantly  higher  than  for  the 
sham  group. 

Guillet  and  Michaelson  (1977)  exposed  18  neonatal  Long-Evans  rats  for 
5  min  daily  at  ages  1  through  6  days  to  far-field  2.45-GHz  CW  RFR  at  AO 
raW/sq  cm  in  an  anechoic  chamber  maintained  at  34  deg  C,  corresponding  to 
the  ambient  temperature  in  the  home  cage  in  the  immediate  vicinity  of 
the  dam  surrounded  by  her  pups.  By  calorimetry  with  water  loads,  the 
SAR  was  9-10  W/kg.  Each  pup  was  weighed  daily  before  exposure.  Colonic 
temperature  was  taken  every  second  day  just  after  exposure.  Eighteen 
pups  were  stated  to  be  sham-exposed  but  actually  were  placed  in  an  in¬ 
cubator  at  34  deg  C  for  5  min  daily  and  otherwise  similarly  treated. 

At  7  days  of  age,  in  a  test  for  adrenal  responsiveness,  subgroups  of 
six  pups  each  of  the  RFR  and  "sham"  groups  were  given  adrenocortico¬ 
tropic  hormone  (ACTH)  i.p.,  other  subgroups  of  each  group  were  exposed 
to  the  RFR  for  5  rair  and  these  24  pups  were  decapitated  20  min  after 
these  treatments.  For  controls,  the  remaining  pups  from  both  groups 
were  euthanized  immediately  after  removal  from  the  nest.  Trunk  blood 
was  collected  from  each  pup,  the  serum  was  assayed  for  corticosterone, 
and  the  adrenals  were  excised,  weighed,  and  preserved  for  future  study. 

The  curves  for  colonic  temperature  vs  age  for  the  two  groups  were 
similar  in  shape,  but  mean  values  for  the  RFR  group  were  1.5  to  2.5  deg 
C  higher  than  for  the  sham  group  at  corresponding  ages.  Despite  the 
colonic-temperature  elevations,  the  curves  of  mean  pup  weight  vs  age 
through  7  days  for  the  RFR  and  sham  groups  were  also  similar  and  the 
mean  weights  at  corresponding  ages  were  comparable,  thus  yielding  no 
manifest  effect  of  the  RFR  on  growth,  at  least  during  this  period. 

In  the  adrenal-responsiveness  test,  there  were  no  significant  plasma- 
corticosterone  differences  between  the  RFR  and  sham  subgroups  euthanized 
immediately  on  day  7  (control  subgroups)  or  between  the  RFR  and  sham 
subgroups  given  ACTH  and  then  euthanized;  however,  the  corticosterone 
concentration  for  the  RFR  subgroup  exposed  to  the  RFR  (again)  on  day  7 
was  higher  than  for  the  sham  group  exposed  to  the  RFR  on  day  7.  Also, 
although  the  corticosterone  concentration  for  sham  group  exposed  to  the 
RFR  on  day  7  did  not  differ  significantly  from  the  mean  for  the  control 
sham  subgroup,  the  means  for  the  RFR  subgroups  given  ACTH  or  the  extra 
exposure  were  higher  than  for  the  control  RFR  subgroup,  but  did  not  dif¬ 
fer  significantly  from  each  other.  The  means  of  adrenal  mass  and  ratio 
of  adrenal-to-body  mass  for  the  RFR  group  were  significantly  higher  than 
for  the  sham  group.  In  the  absence  of  detailed  statistical  treatment  of 
the  corticosterone  and  weight  data,  such  as  by  analysis  of  variance,  it 
is  difficult  to  interpret  these  results. 

Magin  et  al.  (1977a,  1977b)  surgically  exposed  the  two  thyroid  glands 


of  anesthetized  dogs  and  used  a  diathermy  unit  and  special  applicator  to 
irradiate  one  gland  in  vivo  with  2.45-GHz  RFR  for  2  hr  at  72,  162,  or 
236  raW/sq  era.  The  corresponding  SARs  in  the  gland  were  58,  131,  and  190 
W/kg,  and  the  resulting  temperatures  therein  were  about  39,  41,  and  45 
deg  C.  The  other  thyroid  gland  served  as  control.  The  release  rates  of 
the  hormones  thyroxine  (T-4)  and  triiodothyronine  (T-3)  into  the  blood 
were  measured  for  both  glands. 

The  mean  T-4  release  rates  for  the  three  exposure  levels  were  found  to 
be  higher  by  respective  factors  of  150,  350,  and  1000X  for  the  glands 
exposed  to  the  RFR  than  for  the  control  glands.  The  T-3  release  rates 
were  smaller  than  those  of  T-4,  but  the  time  courses  of  release  of  the 
two  hormones  were  similar.  In  addition,  the  mean  blood  flow  rates  in 
the  thyroids  exposed  at  162  or  236  mW/sq  cm  (131  or  190  W/kg,  yielding 
mean  gland  temperatures  of  41  and  45  deg  C)  were  higher  by  140  and  170X. 

Lotz  and  Michaelson  (1978)  first  "gentled"  rats  for  2  weeks  prior  to 
exposure  by  weighing  and  handling  them  at  least  4  times  per  week  and 
equilibrating  each  rat  for  exposure  by  taking  its  colonic  temperature 
and  placing  it  in  an  exposure  cage  for  3  to  5  hr  on  3  of  the  last  4  days 
before  use.  The  activity  of  the  adrenal  axis  during  equilibration  was 
determined  by  placing  groups  of  rats  in  the  exposure  chamber  for  30,  60, 
90,  120,  150,  or  180  rain,  measuring  colonic  temperature  before  and  after 
this  interval,  and  assaying  the  blood  for  corticosterone  (CS)  level. 

The  results  indicated  a  rapid  rise  of  both  colonic  temperature  and  CS 
level  during  the  first  half  hour  to  an  approximate  plateau,  followed  by 
a  return  to  baseline  values  by  the  end  of  3  hr,  thus  demonstrating  the 
need  for  such  an  equilibration  period  prior  to  exposure. 

The  authors  then  exposed  groups  of  unanesthetized  gentled  rats  to 
2.45-GHz  CW  RFR  for  30,  60,  or  120  min  at  0,  13,  20,  30,  or  40  mW/sq  cm 
or  for  30  or  60  min  at  50  or  60  raW/sq  cm,  and  measured  colonic  temper¬ 
atures  and  CS  levels  after  exposure.  The  SARs,  determined  calorimetri- 
cally  in  water  phantoms,  were  0.16  W/kg  per  mW/sq  cm.  Plots  of  post¬ 
exposure  colonic  temperature  vs  exposure  duration  at  each  power  density 
showed  a  small  but  statistically  significant  temperature  rise  after  30 
min  of  exposure  at  13  mW/sq  cm  (2.1  W/kg);  exposures  for  the  same  dur¬ 
ation  at  higher  levels  yielded  temperature  increases  approximately  pro¬ 
portional  to  power  density.  Up  to  40  mW/sq  cm  (6.4  W/kg),  exposures  for 
60  min  produced  temperature  increases  not  significantly  greater  than 
those  for  30  min,  but  the  temperature  rises  for  60-roin  exposures  at  50 
and  60  mW/sq  cm  (8.0  or  9.6  W/kg)  were  significantly  larger  than  those 
for  30  rain.  Increases  in  CS  level  above  baseline  values  were  nonsigni¬ 
ficant  for  durations  of  up  to  120  min  at  13  raW/sq  cm  (2.1  W/kg),  up  to 
60  min  at  20  raW/sq  cm  (3.2  W/kg),  and  30  min  at  30  mW/sq  cm  (4.8  W/kg). 
All  other  CS  increases  were  significant  and  highly  correlated  with 
colonic-temperature  rises. 

Threshold  values  for  adrenal-axis  stimulation  were  estimated  to  be 
about  30-50  raW/sq  cm  (4. 8-8.0  W/kg)  for  60-rain  exposures  and  15-20  (2.4- 
3.2  W/kg)  raW/sq  cm  for  120-rain  exposures.  The  latter  range  is  somewhat 
less  than  half  the  resting  metabolic  rate  of  the  rat. 


Lotz  and  Michaelson  (1979)  exposed  hypophysectoraized  ("hypox")  rats, 
sham-hypox  rats  (given  the  same  surgical  procedure  without  removing  the 
hypophysis),  and  intact  rats  to  2.45-GHz  RFR  for  60  min  at  60  mW/sq  cm 
(9.6  W/kg).  Before  exposure,  the  rats  were  gentled  as  described  above. 
After  exposure,  blood-plasma  samples  were  assayed  for  CS  level.  For 
comparison,  similar  groups  were  sham-exposed  and  assayed  for  CS  level. 

To  verify  adrenal  functional  integrity  of  hypox  rats  during  RFR  ex¬ 
posure,  other  groups  of  unexposed  hypox,  sham-hypox,  and  intact  rats 
were  injected  with  ACTH  and  assayed  1  hr  later  for  blood-plasma  CS.  The 
differences  in  CS  level  among  the  ACTH  groups  were  not  significant. 

For  the  intact,  hypox,  and  sham-hypox  groups  that  were  sham-exposed, 
the  differences  in  mean  colonic  temperature  were  nonsignificant.  For 
the  RFR-exposed  groups,  the  only  significant  difference  in  mean  colonic 
temperature  was  between  the  hypox  and  sham-hypox  rats,  with  the  value 
for  the  latter  lower  than  for  the  former. 

For  the  sham-exposed  groups,  the  mean  plasma-CS  level  of  the  hypox 
rats  was  barely  detectable  and  significantly  lower  than  for  the  intact 
or  sham-hypox  rats;  the  difference  between  the  latter  two  groups  was  not 
significant.  For  the  RFR-exposed  groups,  the  CS  levels  of  the  intact 
and  sham-hypox  rats  were  both  much  higher  than  for  their  respective 
sham-exposed  groups  and  did  not  differ  significantly  from  each  other, 
but  again  the  level  for  the  hypox  rats  was  barely  detectable. 

To  determine  whether  RFR  stimulation  of  the  rat  pituitary-adrenal  axis 
could  be  blocked  by  pretreatment  with  exogenous  glucocorticoids,  dexa- 
methasone  in  doses  in  the  range  0.56-10  (microgram/100  g  of  body  weight) 
were  injected  into  groups  of  intact  rats,  after  which  the  rats  were  ex¬ 
posed  at  50  mW/sq  cm  (8.0  W/kg)  for  60  min  and  assayed  for  CS.  Doses  of 
3.2  or  5.6  were  injected  into  other  groups  followed  by  exposure  at  70 
mW/sq  cm  (11.2  W/kg)  for  60  min.  For  controls,  other  rats  were  injected 
with  saline  and  exposed.  Exposure  at  50  mW/sq  cm  (8.0  W/kg)  after  dexa- 
methasone  injection  produced  highly  significant  dose-dependent  reduc¬ 
tions  in  CS  level,  with  doses  of  3.2  or  larger  almost  totally  blocking 
any  increases  in  CS  level  during  exposure.  However,  doses  of  3.2  or  5.6 
did  not  fully  suppress  CS-level  increases  during  subsequent  exposure  at 
70  mW/sq  cm  (11.2  W/kg).  Mean  colonic  temperatures  for  the  rats  exposed 
at  50  mW/sq  cm  (8.0  W/kg)  after  dexamethasone  injection  ranged  from  39.8 
to  40.1  deg  C;  the  differences  among  the  various  dose  groups  were  not 
statistically  significant. 

From  the  barely  detectable  CS  levels  in  the  hypox  rats  exposed  at  60 
mW/sq  cm  (9.6  W/kg)  for  60  rain  and  the  high  levels  in  the  hypox  rats 
injected  with  ACTH  (which  stimulated  adrenal  secretion  of  CS  in  these 
rats),  Lotz  and  Michaelson  (1979)  concluded  that  RFR  exposure  does  not 
stimulate  the  adrenal  gland  primarily.  Instead,  the  observed  increases 
in  CS  level  in  intact  rats  during  RFR  exposure  must  have  been  due  to 
adrenal  stimulation  by  endogenous  ACTH  from  the  pituitary  during  RFR 
exposure.  The  results  of  the  dexamethasone  experiments  comprise  addi¬ 
tional  evidence  that  adrenal  response  is  due  to  ACTH  stimulation  during 


exposure,  and  the  moderate  doses  needed  to  inhibit  RFR- induced  ACTH 
secretion  indicate  that  exposure  at  50  mW/sq  cm  (8.0  V/kg)  for  60  min  is 
a  relatively  mild  stimulus  for  such  secretion.  Based  on  their  results, 
Lotz  and  Michaelson  hypothesized  that  RFR-induced  secretion  of  ACTH  is  a 
systemic  integrative  process  due  to  general  hyperthermia. 

Lu  et  al.  (1977)  subjected  rats  first  to  a  2-week  gentling  period,  and 
then  sham-exposed  or  exposed  them  to  2.45-GHz  RFR  at  1,  5,  10,  or  20 
mV/sq  cm  for  1,  2,  4,  or  8  hr  starting  at  the  same  time  and  day  of  the 
week.  From  colonic-temperature  measurements  in  anesthetized  rats,  the 
corresponding  SARs  were  0.25,  1.25,  2.5,  and  5.0  W/kg.  The  rats  were 
decapitated  after  treatment,  blood  was  collected,  and  body  mass  and 
rectal  temperature  were  measured.  The  blood-serum  levels  of  CS,  T-4, 
and  GH  were  assayed.  In  addition,  the  pituitary,  adrenal,  and  thyroid 
glands  were  weighed. 

For  the  sham-exposed  rats,  rectal  temperature  increased  with  treatment 
duration,  an  effect  ascribed  to  circadian  rhythmicity.  The  mean  rectal 
temperatures  of  the  RFR-exposed  rats  varied  in  an  inconsistent  manner. 
For  example,  for  the  1-hr  exposures,  increases  in  temperature  were  noted 
for  the  groups  exposed  at  5  and  20  mW/sq  cm  (1.25  and  5.0  W/kg),  but  not 
for  those  exposed  at  1  and  10  mW/sq  cm  (0.25  and  2.5  W/kg). 

The  CS  level  increased  with  treatment  duration  for  the  sham-exposed 
rats  and  was  correlated  with  rectal  temperature  increase.  CS-level 
increases  occurred  in  the  RFR-exposed  rats  but  were  not  significantly 
correlated  with  rectal  temperature.  The  only  significant  changes  in  T-4 
level  were  an  increase  for  4-hr  exposure  at  1  mW/sq  cm  (0.25  W/kg)  and 
decreases  for  4-hr  and  8-hr  exposures  at  20  mW/sq  cm  (5.0  W/kg).  No 
significant  changes  in  GH  level  due  to  RFR  exposure  were  noted.  Neither 
body  mass  nor  pituitary  mass  (normalized  to  body  mass)  were  affected  by 
RFR  exposure.  Several  statistically  significant  alterations  of  thyroid 
and  adrenal  masses  were  observed,  but  no  obvious  pattern  related  to 
power  density,  exposure  duration,  or  circadian  rhythmicity  was  apparent. 

The  large  variations  seen  for  each  endpoint  in  the  rats  sham-exposed 
for  various  durations  presumably  resulted  from  unknown  differences  in 
residual  stress  reactions  after  gentling  as  well  as  circadian  changes. 
Such  uncontrolled  variations  render  it  difficult  to  discern  any  clear- 
cut  effects  ascribable  to  RFR  exposure  per  se  in  these  studies.  The 
authors  in  recognizing  such  difficulties  stated:  "In  spite  of  these 
constraints,  we  were  able  to  show  that  exposure  of  rats  to  2450-MHz  CW 
microwaves  at  20  mW/sq  cm  for  eight  hours  depressed  serum  CS  levels." 

Indeed  their  results  that  show  a  statistically  significant  lower  mean 
CS  value  for  the  4  rats  thus  exposed  than  for  the  6  rats  that  were  sham- 
exposed  for  the  same  duration.  Also,  comparisons  between  groups  exposed 
to  RFR  a*.  other  power  densities  and  groups  sham-exposed  for  the  same 
durations  showed  both  increases  and  decreases  of  CS  level,  but  none  of 
these  changes  were  statistically  significant.  However,  large  changes 
(primarily  increases)  in  CS  level  with  exposure  duration  at  constant 
power  density  were  evident  for  most  groups,  including  those  that  were 
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sham-exposed.  Therefore,  possible  RFR-induced  changes,  if  any,  would 
probably  be  masked  by  the  non-RFR- induced  changes,  and  the  significant 
result  cited  above  was  probably  a  statistical  anomaly. 


In  general,  the  number  of  rats  used  for  each  exposure  regimen  was  too 
small  to  lend  much  biological  credence  to  any  of  the  statistically 
significant  differences  between  RFR-  and  sham-exposed  rats.  The  authors 
used  the  Mann-Whitney  U-test  on  the  CS  values  and  the  Student  t-test  on 
the  rectal  temperatures  without  stating  their  justification  for  doing 
so.  This  point  is  mentioned  because  had  they  used  the  t-test  on  the  20- 
mW/sq  cm,  8-hr  CS  data  relative  to  the  corresponding  controls,  they 
would  have  found  the  CS  depression  to  be  nonsignificant  (p>0.05). 

Lu  et  al.  (1980b)  also  exposed  gentled  rats  to  the  same  frequency  at 
power  densities  ranging  from  1  to  70  mW/sq  cm  (equivalent  SARs  of  0.21 
to  14.7  W/kg)  for  1  to  8  hr  at  an  environmental  temperature  maintained 
at  24  deg  C.  Sham-exposed  rats  were  used  as  controls.  After  treatment, 
the  rats  were  decapitated,  colonic  temperatures  were  taken,  and  blood 
was  collected  for  assays  of  T-4,  TSH,  GH,  and  CS. 

For  1-hr  exposures,  colonic  temperatures  increased  with  power  density 
at  20  mW/sq  cm  (4.2  W/kg)  and  higher,  but  consistent  elevation  of  serum 
CS  did  not  occur  below  50  mW/sq  cm  (10.5  W/kg).  Lower  serum  TSH  and  GH 
levels  also  occurred  at  this  and  higher  power  densities.  Significant 
serum  T-4  elevations  were  noted  at  40  and  70  mW/sq  cm  (8.4  and  14.7 
W/kg),  but  they  were  not  consistently  related  to  power  density  values. 
For  sham  exposures  and  exposures  at  1-20  mW/sq  cm  (0.21-4.2  W/kg)  for 
longer  durations  (2-8  hr),  the  results  were  rather  equivocal,  presumably 
because  such  exposures  encompassed  significant  portions  of  the  circadian 
cycle.  Specifically,  in  the  sham-exposed  rats,  the  level  of  T-4  did  not 
change  significantly  with  exposure  duration  and  significant  increases  of 
CS  and  decreases  of  TSH  and  GH  were  seen,  so  it  was  difficult  to  discern 
consistent  changes  in  these  hormones  ascribable  to  RFR  exposure.  The 
authors  suggested  that  the  divergent  responses  may  be  due  to  different 
mechanisms  that  are  dependent  on  RFR  intensity  and  the  timing  of  the 
exposures  relative  to  circadian  rhythms. 

The  most  sensitive  parameter  measured  proved  to  be  colonic  tem¬ 
perature.  For  example,  for  rats  exposed  at  20  mW/sq  cm  (4.2  W/kg), 
increases  in  colonic  temperature  were  consistent  for  any  exposure 
duration,  and  smaller  increases  were  noted  for  exposures  at  10  mW/sq  cm 
(2.1  W/kg)  for  2  hr  and  at  1  mW/sq  cm  (0.21  W/kg)  for  4  hr. 

In  a  later  study  by  Lu  et  al.  (1981b),  unanesthetized,  equilibrated 
male  rats  were  exposed  to  2.45-GHz  RFR  for  1  hr  at  1-70  mW/sq  cm  (0.25- 
14.7  W/kg)  or  for  4  hr  at  0.1-40  mW/sq  cm  (0.021-8.4  W/kg),  or  were 
sham-exposed.  The  authors  reported  that  for  the  RFR-exposed  rats,  TSH 
varied  inversely  while  the  CS  level  increased  with  power  density  or 
colonic  temperature.  Similar  relationships  between  TSH  and  CS  with 
colonic  temperature  were  obtained  for  the  sham-exposed  rats.  The 
authors  also  reported  that  exposure  to  RFR  at  20  mW/sq  cm  (4.2  W/kg)  or 
less  for  4  hr  inhibited  normal  circadian  elevation  of  adenocortical 
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function  if  the  exposure  occurred  during  the  diurnal  CS  elevation. 

Liburdy  (1979),  in  a  study  primarily  on  the  effects  of  RFR  on  the 
immune  system  (see  Section  3.5.2),  found  that  for  a  single  exposure  of 
mice  to  "thermogenic"  26-MHz  CW  RFR,  i.e.,  800  mW/sq  cm  (SAR  of  5.6 
W/kg)  for  15  min,  which  produced  core-temperature  rises  of  2-3  deg  C, 
the  levels  of  plasma  corticoid  were  severalfold  higher  than  for  sham- 
exposed  mice  or  mice  in  which  similar  core-temperature  elevations  were 
produced  by  warm-air  heating.  Moreover,  mice  exposed  to  "nonthermo- 
genic"  RFR,  i.e.,  to  either  26-MHz  RFR  at  50  mW/sq  cm  (0.36  U/kg)  or  5- 
MHz  RFR  at  800  mW/sq  cm  (same  SAR)  for  1  or  20  15-min/day  sessions  did 
not  show  this  effect.  As  noted  by  the  author,  these  results  support  the 
hypothesis  that  the  heat  generated  by  thermogenic  RFR  triggers  the 
ultimate  release  of  adrenal  steroids. 

Abhold  et  al.  (1981)  sham-exposed  or  exposed  rats  in  individual  vented 
Styrofoam  cages  to  far-field,  2.45-GHz  CW  RFR  in  groups  of  8  arranged  in 
a  circular  pattern  with  their  long  axes  parallel  to  the  E-vector  in  an 
anechoic  chamber  held  at  23  deg  C  and  65X  relative  humidity.  Exposures 
were  at  2  or  10  mW/sq  cm  (0.44  or  2.2  W/kg)  continuously  for  8  hr  within 
the  period  from  about  0030  to  0845,  during  which  food  and  water  were  not 
provided.  Untreated  rats  served  as  controls. 

The  rats  were  then  decapitated  and  blood  was  collected  in  centrifuge 
tubes  and  allowed  to  clot.  After  centrifugation,  sera  from  pairs  of 
similarly  treated  rats  were  combined,  thereby  yielding  4  pooled  samples 
each  from  8  untreated  rats  (cage  controls),  8  sham-exposed  rats,  and  8 
rats  exposed  at  each  power  density  (a  total  of  16  pooled  samples  from  32 
rats).  Aliquots  of  the  pooled  samples  were  assayed  for  T-4,  T-3,  the 
percentage  of  T-3  uptake  (T-3u),  and  CS.  The  free  thyroxine  index 

(FTI),  defined  as  the  product  of  T-4  and  T-3u,  and  adjusted  thyroxine 

(AT-4),  defined  as  the  product  of  T-4  and  the  ratio  of  T-3u  for  treated 
rats  to  T-3u  for  control  rats,  were  calculated. 

The  differences  in  T-4,  T-3,  T-3u,  FTI,  and  AT-4  were  not  statisti¬ 
cally  significant  among  the  cage-control,  sham,  and  RFR  groups.  The 

serum-CS  mean  value  for  the  rats  exposed  at  2  mW/sq  cm  (0.44  W/kg)  was 
almost  the  same  as  for  the  sham  group  and  the  means  for  both  of  these 
groups  were  significantly  higher  than  for  the  cage  controls.  However, 
the  mean  CS  for  the  rats  exposed  at  10  mW/sq  cm  (2.2  W/kg)  did  not 
significantly  differ  from  the  value  for  the  cage  controls. 

The  authors  indicated  that  the  negative  findings  for  T-4,  T-3,  T-3u, 
FTI,  and  AT-4  were  consistent  with  those  of  Lu  et  al .  (1977  and  1980b). 
About  the  CS  results,  they  stated:  "Although  the  10-  raW/sq-cm  exposure 
group  had  lower  corticosterone  levels  than  either  the  2  or  0  mW/sq-cm 
group,  the  10  mW/sq-cm  group  had  levels  which  were  similar  to  those  of 
the  untreated  controls.  These  data  suggest  that  the  experimental  pro¬ 
tocol  stimulated  the  HHA  [ hypothalarao-hypophyseal-adrenal ]  axis,  and 
that  this  effect  could  be  counteracted  by  exposure  to  microwaves  at  10 
mW/sq  cm."  The  meaning  of  "experimental  protocol"  in  the  last  statement 
is  unclear;  presumably  it  is  meant  to  account  for  the  significant  dif- 
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ference  between  the  mean  CS  values  for  the  untreated-control  and  sham- 
exposed  groups,  which  is  an  indication  that  uncontrolled  factors  were 
present.  Also,  their  results  are  not  consonant  with  the  the  later  CS 
results  of  Lu  et  al.  (1980b),  who  controlled  for  stress  factors  that 
would  otherwise  have  elevated  CS  levels,  and  who  obtained  nonmonotonic, 
nonsignificant  CS  changes  in  the  rats  exposed  for  8  hr  at  5  or  10  mW/sq 
cm  (relative  to  sham-exposed  rats)  and  a  significant  CS  depression  for 
the  rats  exposed  for  8  hr  at  20  mW/sq  cm. 

In  general,  it  is  difficult  to  distinguish  alterations  of  hormonal 
levels  ascribable  to  RFR  exposure  in  the  0-10  mW/sq-cm  range  for  periods 
that  are  substantial  fractions  of  the  circadian  cycle  from  alterations 
associated  with  the  circadian  cycle  and/or  other  uncontrolled  factors. 

In  a  more  recent  paper,  Lu  et  al.  (1985),  noting  the  inconsistencies 
in  findings  among  various  investigators,  described  studies  with  male 
Long-Evans  rats  of  ages  36-41  days  totaling  353  from  two  suppliers, 
Charles  River  Breeding  Laboratories  (CR)  and  Blue-Spruce  Farms  (BS). 
After  the  rats  were  acclimated  and  gentled,  including  4  to  11  days  of 
observation,  2  weeks  of  handling,  and  3  to  5  days  of  simulated  exposure, 
they  were  exposed  dorsally  from  above  concurrently  in  groups  of  four  in 
individual  Styrofoam  cages  to  far-field,  2.45-GHz  RFR  amplitude- 
modulated  at  120  Hz  in  an  anechoic  chamber  held  at  23-25  deg  C  and  50- 
60Z  relative  humidity.  The  minimum  separation  between  rats  was  18  cm. 

Whole-body  SARs  were  determined  from  changes  in  colonic  temperature  in 
rats  anesthetized  with  sodium  pentobarbital  and  encased  in  a  Styrofoam 
jacket.  In  20  determinations  at  60  mW/sq  cm,  the  mean  SAR  was  11.26  +/- 
1.79  (SD)  W/kg  for  four  rats  exposed  concurrently  in  an  array  and  11.21 
+/-  1.72  W/kg  with  only  one  rat  present.  Thus,  the  normalized  SAR  was 
0.19  W/kg  per  mW/sq  cm,  a  value  close  to  that  previously  obtained  in  the 
authors ' laboratory  (0.21). 

Exposure  protocols  (A)-(G)  below  were  used.  The  rats  were  given  a  3- 
hr  equilibration  period  before  the  start  of  exposure.  Except  as  indica¬ 
ted,  endpoints  were  sampled  immediately  after  completion  of  exposure; 
the  rats  were  decapitated  and  trunk  blood  was  collected,  processed,  and 
assayed  for  serum  T-4  concentration.  Student's  t-test  was  used  for  com¬ 
paring  RFR-  and  sham-exposed  groups.  Analysis  of  variance  was  also  used 
on  the  experimental  design. 

(A)  1-hr  exposures  ending  at  1230:  BS  rats  at  0  to  70  mW/sq  cm 
(13.3  W/kg). 

(B)  2-hr  exposures  ending  at  1330:  BS  rats  at  0  to  20  mW/sq  cm 
(3.8  W/kg);  CR  rats  at  0  to  40  mW/sq  cm  (7.6  W/kg). 

(C)  4-hr  exposures  ending  at  1530:  BS  rats  at  0  to  20  mW/sq  cm 
(3.8  W/kg);  CR  rats  at  0  to  40  mW/sq  cm  (7.6  W/kg). 

(D)  8-hr  exposures  ending  at  1930:  BS  rats  at  0  to  20  mW/sq  cm 
(3.8  W/kg). 

(E)  24-hr  delayed  measure  of  endpoints  after  4-hr  exposure  of  CR  rats 
at  0  to  40  mW/sq  cm  (7.6  W/kg);  17  hr  after  exposure,  these  rats 
were  sham-exposed  for  7  hr. 


(F)  three  consecutive  daily  4-hr  exposures:  CR  rats  at  0  to  55  mW/sq  cm 

(10.45  W/kg). 

(G)  10  consecutive  daily  4-hr  exposures,  5  days/week,  for  2  weeks: 

CR  rats  at  0  to  40  raW/sq  cm  (7.6  W/kg). 

The  results  for  the  1-hr  exposures  of  BS  rats  (A)  showed  significantly 
higher  T-4  levels  for  those  exposed  at  40  or  70  mW/sq  cm  (7.6  or  13.3 
W/kg),  but  not  for  those  exposed  at  1,  5,  10,  20,  50,  or  60  mW/sq  cm 
(0.19,  0.95,  1.9,  3.8,  9.5,  or  11.4  W/kg).  For  the  2-hr  exposures  (B), 
the  pooled  mean  levels  of  T-4  for  the  rats  from  both  suppliers  were 
higher  after  exposure  at  25,  30,  or  40  raW/sq  cm  (4.75-7.6  W/kg),  but  not 
at  1,  5,  10,  or  20  mW/sq  cm  (0.19-3.8  W/kg).  However,  the  normal  T-4 
concentrations  for  the  CR  rats  were  found  to  be  higher  than  for  the  BS 
rats,  so  these  and  subsequent  results  were  reevaluated  by  separately 
comparing  the  T-4  levels  for  the  RFR-exposed  rats  from  each  supplier 
with  the  sham-exposed  rats  from  the  same  supplier.  When  this  was  done 
for  the  2-hr  exposures,  there  were  no  significant  changes  in  T-4  concen¬ 
tration  for  any  RFR  level. 

For  the  4-hr  exposures  (C),  the  mean  T-4  levels  of  the  BS  rats  were 
significantly  higher  after  exposure  at  1  mW/sq  cm  (0.19  W/kg),  and  were 

significantly  lower  after  exposure  at  20  mW/sq  cm  (3.8  W/kg),  than  after 

sham-exposure,  but  no  changes  were  seen  for  5  or  10  mW/sq  cm  (0.95  or 
1.9  W/kg).  (The  4-hr  results  for  the  CR  rats  were  not  reported.)  The 
results  for  the  remaining  protocols  showed  no  significant  RFR-induced 
alterations  of  T-4  level,  except  for  the  CR  rats  exposed  for  three 
consecutive  daily  4-hr  periods  (F)  at  40  mW/sq  cm  (7.6  W/kg),  for  which 
the  T-4  level  was  significantly  lower  than  for  shams. 

The  authors  performed  the  foregoing  comparisons  with  the  t-test 
because  it  was  used  in  many  previous  studies.  However,  their  use  of 
two-way  analysis  of  variance  as  well,  confirmed  the  finding  of  no 
significant  changes  in  T-4  concentration  for  2-hr  exposures  at  any  RFR 

level  when  comparisons  were  made  between  RFR-  and  sham-exposed  rats  from 

the  same  supplier.  In  addition,  analysis  of  variance  on  the  sham- 
exposed  groups  confirmed  that  the  normal  mean  T-4  level  of  the  CR  rats 
was  higher  than  for  the  BS  rats  and  that  the  time  when  exposures  were 
completed  was  not  a  significant  factor.  As  the  number  of  sham-exposures 
increased  from  4  to  15,  however,  the  mean  T-4  level  rose  monotonical ly 
and  significantly. 

In  their  discussion,  the  authors  noted  that  "conceptually,  response  of 
the  thyroid  gland  to  a  change  in  the  internal  or  external  environment 
can  be  a  specific  reaction  to  the  demand  of  thermoregulation  (or  energy 
metabolism)  or  a  nonspecific  reaction  to  a  stressful  stimulus,"  and  that 
thyrotropin,  the  thyroid-stimulating  hormone  (TSH),  should  be  considered 
in  conjunction  with  thyroid  responses.  They  referenced  their  previous 
finding  (Milroy  and  Michaelson,  1972;  Lu  et  al.,  1981b)  that  TSH  had 
decreased  unequivocally  and  consistently  with  increasing  levels  of  RFR 
exposure  and  that  the  decreases  could  be  correlated  with  increases  of 
colonic  temperature.  Thus,  they  had  expected  that  irrespective  of  which 
mechanism  (thermogenic  or  nonspecific  stimulus)  was  involved,  the  levels 
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of  T-4  would  also  decrease. 


Because  of  the  design  of  their  protocols,  they  believed  that  they  had 
avoided  possible  nonspecific  reactions  to  stressful  stimuli,  but  not 
those  from  repeated  sham-exposures.  They  concluded  that:  "Obviously, 
our  data  and  discussion  do  not  resolve  the  precise  mechanism  for  the 
results  obtained  by  us,  nor  do  they  define  the  degree  of  responsiveness 
of  thyroxine  level  to  microwave  exposure."  and  "From  the  viewpoint  of 
environmental  health,  changes  in  serum  thyroxine  cannot  be  used  as  an 
indicator  of  a  past  history  of  microwave  exposure  due  to  its  limited 
magnitude  of  response  and  its  sensitivity  to  extraneous  factors." 

In  a  study  with  primates,  Lotz  and  Podgorski  (1982)  monitored  the 
levels  of  cortisol,  T-4,  and  GH  before,  during,  and  after  RFR  exposure. 
Prior  to  exposure,  a  catheter  was  surgically  implanted  in  the  internal 
jugular  vein  (into  the  superior  vena  cava)  of  six  male  rhesus  monkeys; 
the  other  end  was  threaded  subcutaneously  over  the  shoulder  and  was 
passed  through  the  skin  at  the  middle  of  the  back.  Two  weeks  or  more 
were  allowed  for  recovery  from  the  surgery. 

The  experimental  session  was  42  hr  long,  starting  on  the  afternoon 
preceding  the  start  of  data  collection.  Each  monkey  was  seated  in  a 
Styrofoam  restraint  chair  in  the  far  field  of  a  vertically  polarized, 
horizontally  propagating  horn  within  an  anechoic  chamber  at  about  24  deg 
C  and  55Z  relative  humidity.  On  the  following  morning,  the  monkey  was 
fed  at  0730,  just  before  the  chamber  was  closed  and  data  collection  was 
begun.  During  the  next  24  hr,  water  was  provided  ad  libitum  from  a 
reservoir  outside  the  chamber  through  a  vinyl  tube.  At  each  hour  from 
0800  to  0800  the  following  day,  blood  samples  were  drawn  through  tubing 
connected  to  the  catheter  and  routed  to  the  outside  of  the  chamber,  and 
colonic  temperature  was  measured  with  an  indwelling  thermistor  probe. 

The  lights  were  on  from  0600  to  2200  in  the  chamber  and  home-cage  room. 

A  video  camera  mounted  in  the  chamber  was  used  to  observe  the  monkey 
being  treated. 

Each  monkey  was  given  8-hr  sessions  (from  1200  to  2000)  of  exposure  to 
1.29-GHz  pulsed  RFR  (3-microsecond  pulses  at  337  pps)  at  average  power 
densities  of  20,  28,  and  38  mW/sq  cm.  (The  corresponding  peak  power 
densities  were  about  20,  28,  and  38  W/sq  cm.)  The  SARs,  determined  by 
Olsen  et  al .  (1980)  for  a  muscle-equivalent  model  of  a  sitting  rhesus 
monkey,  were  about  2.1,  3.0,  and  4.1  W/kg .  The  authors  noted  that  the 
resting  metabolic  rate  (RMR)  of  a  rhesus  monkey  is  about  2.4  W/kg.  Each 
monkey  was  given  a  total  of  three  sessions  at  each  level  of  RFR,  which 
were  alternated  with  sham-exposure  sessions  at  intervals  of  10-14  days 
for  recovery. 

After  each  blood  sample  (2.5  ml)  was  collected,  it  was  heparinized  and 
centrifuged,  the  plasma  was  aseptically  removed,  and  the  erythrocytes 
were  resuspended  in  sterile  physiological  saline  and  returned  to  the 
monkey  via  the  catheter.  Hematocrit  and  hemoglobin,  monitored  before 
and  after  each  session,  showed  no  significant  decline.  Plasma  samples 
were  assayed  for  cortisol,  T-4,  and  GH.  The  data  collected  from  the 
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monkeys  for  the  same  clock  periods  of  each  of  the  three  sessions  at  each 
RFR  level  were  averaged,  to  yield  a  24-hr  temporal  series  of  mean  values 
for  each  condition. 

For  the  control  sessions  (those  that  involved  sham-exposure),  the  mean 
hourly  rectal  temperature  exhibited  a  slight  24-hr  periodicity,  with 
minimum  values  during  the  lights-off  interval  (2200-0600).  For  the  RFR- 
exposure  sessions,  the  mean  rectal-temperature  time  profile  during  the 
preexposure  period  was  similar  to  that  for  control  sessions  (about  38 
deg  C),  but  rose  within  2  hr  after  the  start  of  exposure  to  plateaus 
that  were  dependent  on  power  density,  e.g.,  to  39.7  deg  C  for  exposure 
at  38  mW/sq  cm  (4.1  W/kg),  and  returned  to  the  control  profile  within  2 
hr  after  exposure  end. 

The  hourly  mean  plasma-cortisol  level  for  the  control  sessions  showed 
a  slow  but  steady  decline  to  a  minimum  at  the  start  of  the  dark  period, 
after  which  it  recovered  slightly  more  rapidly  to  almost  initial  levels 
by  0800.  For  the  sessions  involving  exposure  at  20  and  28  roW/sq  cm  (2.1 
and  3.0  W/kg),  the  hourly  means  did  not  significantly  differ  from  the 
corresponding  values  for  the  sham-exposure  sessions,  i.e.,  they  had  a 
similar  decline  and  recovery  profile.  At  38  mW/sq  cm  (4.1  W/kg),  the 
mean  plasma-cortisol  level  had  a  corresponding  preexposure  profile,  but 
rose  to  significantly  above  control  level  within  about  2  hr  after  the 
start  of  exposure,  remained  above  control  level  during  the  rest  of  the 
exposure  period.  The  cortisol  level  then  diminished  to  control  profile, 
also  with  a  delay  of  about  2  hr  after  exposure  end,  indicating  that  the 
effect  was  transient  (reversible). 

The  mean  plasraa-GH  time  profiles  for  all  exposure  conditions  rose  and 
fell  periodically  during  the  24-hr  period,  but  at  corresponding  times, 
there  were  no  significant  differences  between  control  values  and  those 
for  any  RFR  level.  The  mean  T-4  profile  for  the  control  sessions  showed 
little  change  over  the  24-hr  period,  and  the  profiles  for  the  three  RFR 
levels  were  similar,  with  no  significant  differences  from  control  means 
at  corresponding  times. 

In  their  discussion,  the  authors  noted  that  the  increases  in  circula¬ 
ting  cortisol  level  for  exposure  at  38  mW/sq  cm  and  the  absence  of  this 
response  at  20  and  28  mW/sq  cm  indicates  the  existence  of  a  threshold 
between  28  and  38  mW/sq  cm  (3.0  and  4.1  W/kg)  and  that  the  increases 
were  associated  with  rectal-temperature  elevations  of  about  1.7  deg  C. 
Thus,  the  results  support  the  hypothesis  that  RFR  adrenocortical  effects 
are  therrually  induced.  The  authors  also  noted  that  the  SAR  necessary  to 
elicit  similar  rectal-temperature  increases  and  adrenocortical  responses 
in  rats  was  about  4  W/kg  as  well,  but  that  this  SAR  is  about  half  the 
RMR  for  the  rat  but  almost  twice  the  RMR  for  the  rhesus  monkey.  They 
ascribed  this  difference  in  SAR/RMR  to  the  different  internal  spatial 
distributions  of  SAR  and  to  differences  in  thermoregulatory  capability. 

The  authors  also  indicated  that  the  dose-response  relationship  for 
behavioral  effects  observed  by  de  Lorge  (1976)  in  rhesus  monkeys  (see 
Section  3. 7. 1.2)  is  highly  consistent  with  that  obtained  in  the  present 
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study;  in  the  earlier  study,  1-hr  exposures  of  rhesus  monkeys  to  2.45- 
GHz  RFR  also  yielded  rectal-temperature  increases  proportional  to  power 
density  and  that  the  threshold  for  behavior  disruption  was  about  4.7 
W/kg,  i.e.,  close  to  the  4.1  W/kg  for  significant  cortisol  increase. 

In  summary,  although  some  effects  of  RFR  exposure  on  the  endocrine 
system  appear  to  be  relatively  straightforward  and  predictable  from 
physiological  considerations,  other,  more  subtle  effects  may  be  worthy 
of  further  study,  notably  those  related  to  the  interactions  among  the 
pituitary,  adrenal,  thyroid,  and  hypothalamus  glands  and/or  their  se¬ 
cretions.  Fart  of  the  problem  in  interpreting  results  appears  to  arise 
from  uncertainties  regarding  stress  mechanisms  and  accommodations  there¬ 
to.  Animals  placed  in  novel  situations  are  much  more  prone  to  exhibit 
stress  responses  than  animals  that  have  been  adapted  to  the  situation. 
However,  there  may  be  large  variations  in  adaptation  among  animals  in  a 
given  situation  or  among  experimental  situations  in  different  laborato¬ 
ries.  Moreover,  the  use  of  sham-treated  controls  may  not  always  reduce 
the  problem. 

Because  the  reported  effects  of  RFR  on  the  endocrine  systems  of 
animals  are  largely  ascribable  to  increased  thermal  burdens,  stresses 
engendered  by  the  experimental  situation,  or  both,  there  is  no  evidence 
that  such  effects  would  occur  in  humans  exposed  to  RFR  at  power 
densities  that  do  not  produce  significant  increases  in  body  temperature. 
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3.6.3  CARDIOVASCULAR  EFFECTS 


Few  investigations  were  carried  out  on  possible  effects  of  RFR  on  the 
human  heart.  Among  these  was  the  occupational  study  by  Hamburger  et  al. 
(1983),  discussed  in  Section  3.1.1.  By  contrast,  various  studies  of  the 
effects  of  RFR  on  animal  hearts  were  performed  in  vivo,  and  others  were 
done  in  vitro,  i.e.,  on  hearts  (or  parts  thereof)  excised  from  animals. 

Among  the  early  investigations  in  vivo  were  two  studies  on  the  rabbit 
by  Presman  and  Levitina  ( 1962a, b),  one  with  2.4-GHz  CW  RFR  at  7-12  mW/sq 
cm  and  the  other  with  3-GHz  pulsed  RFR  (1-microsecond  pulses,  700  pps) 
at  3-5  mW/sq  cm  average  power  density,  4. 3-7.1  W/sq  cm  pulse  power  den¬ 
sity.  In  both  studies,  each  rabbit  was  used  repeatedly  as  follows:  the 
head  only  or  the  back  only  (each  in  dorsal  or  ventral  aspect)  or  the 
entire  surface  (dorsal  or  ventral  aspect)  was  exposed  for  two  20-min 
periods  in  each  aspect.  During  each  20-min  exposure  and  for  10  min  pre¬ 
ceding  and  following  the  exposure,  the  EKGs  of  the  rabbits  were  recorded 
with  plate  electrodes.  For  control  data,  the  same  rabbits  were  sham- 
exposed  once  prior  to,  and  once  after,  the  series  of  RFR  exposures. 

Exposure  of  the  entire  dorsal  surface  did  not  yield  either  significant 
tachycardia  or  bradycardia  during  the  exposure  period  per  se.  However, 
tachycardia  was  seen  during  the  first  half  of  the  post-exposure  period, 
changing  to  bradycardia  toward  the  end  of  that  period.  By  contrast,  ex¬ 
posure  of  the  dorsal  aspect  of  the  head  or  back  produced  significant 
tachycardia  during  the  exposure  period,  with  the  former  yielding  the 
greater  effect.  The  tachycardia  increased  to  peak  values  at  about  5  min 
post-exposure  and  declined  to  nonsignificant  values  by  the  end  of  that 
period.  Bradycardia  was  seen  during  exposure  in  all  three  ventral  as¬ 
pects;  it  persisted  to  the  end  of  the  exposure  period  and  was  followed 
by  returns  toward  normal  heart  rates  during  the  first  half  of  the  post¬ 
exposure  period.  It  was  most  pronounced  and  was  manifested  earliest  for 
exposure  of  only  the  head. 

The  authors  summarized  the  differences  in  results  for  pulsed  and  CW 
RFR  as  follows:  "Above  all,  it  must  be  noted  that  the  effect  of  impulse 
irradiation  was  basically  more  manifest  than  the  effect  of  continuous 
irradiation,  despite  the  fact  that  the  mean  intensity  with  impulse 
irradiation  was  approximately  half  as  great.  This  is  not  difficult  to 
understand  if  it  is  taken  into  consideration  that  the  impulse  intensity 
exceeded  the  mean  by  1400  times." 

In  general,  the  findings  of  these  two  papers  were  difficult  to  assess 
because  no  actual  data  were  presented,  only  the  relative  differences  of 
means  (rendering  it  difficult  to  estimate  variabilities  among  rabbits  or 
the  time  variations  of  the  heart-beat  rate  of  each  rabbit  in  the  absence 
of  RFR),  and  the  statistical  treatment  of  the  results  was  obscure.  A 
more  fundamental  question  is  whether  use  of  metal  electrodes  to  record 
EKGs  during  RFR  exposure  introduced  artifacts  of  sufficient  magnitude  to 
render  the  results  meaningless  because  the  presence  of  such  electrodes 
and  their  conductive  leads  could  have  significantly  altered  the  local 
fields.  This  possibility  is  supported  by  the  results  of  Kaplan  et  al. 
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(1971)  and  Birenbaum  et  al.  (1975)  in  one  laboratory,  and  Chou  et  al. 
(1980b)  in  another  laboratory,  discussed  below.  These  investigators 
found  that  exposure  of  rabbits  to  average  power  densities  of  at  least  80 
raW/sq  cm  was  necessary  to  affect  their  heart  rates  significantly. 

In  the  first  of  two  experiments,  Kaplan  et  al.  (1971)  endeavored  to 
replicate  the  CW  study  by  Presman  and  Levitina  (1962a),  except  that 
Kaplan  et  al .  recorded  the  EKG  of  each  rabbit  with  small  curved  surgical 
needles  subcutaneously  implanted  in  the  left  chest,  right  chest,  and 
left  hip,  with  these  needles  and  their  lead  wires  shielded  from  the 
incident  RFR  by  an  absorbent  panel.  Recording  sessions  (40  min)  were  20 
rain  of  exposure  at  10  raW/sq  cm  preceded  and  followed  by  10  min  without 
RFR.  Using  the  same  method  as  Presman  and  Levitina  to  calculate  heart- 
rate  changes,  Kaplan  et  al.  found  no  significant  difference  between  the 
heart  rate  of  each  animal  during  or  after  exposure  and  its  heart  rate 
during  a  control  condition  of  no  exposure.  Analysis  of  the  variability 
in  the  heart-rate  data  from  this  experiment  led  Kaplan  et  al.  to  suggest 
that  the  heart-rate  effects  reported  by  Presman  and  Levitina  might  have 
been  chance  variations. 


In  the  second  experiment,  Kaplan  et  al .  (1971)  recorded,  concurrently 
with  heart  rate,  the  respiration  rate  with  a  strain  gauge  around  the 
thorax  and  body  temperature  with  a  subcutaneous  hypodermic  thermistor 
near  the  midline  of  the  lower  back,  for  each  of  two  rabbits  during  once- 
weekly  40-rain  sessions.  During  the  20-rain  exposure  intervals,  each 
rabbit  was  exposed  in  the  dorsal  aspect  of  the  head  only.  The  levels 
ranged  from  0  to  100  raW/sq  cm  (in  20  mW/sq-cra  increments).  Respiration 
rate  increased  during  exposure  at  40  mW/sq  cm  and  body  temperature  rose 
at  80  mW/sq  cm,  but  heart  rate  increased  only  at  100  mW/sq  cm. 

Birenbaum  et  al.  (1975),  in  another  endeavor  to  replicate  the  results 
of  Presman  and  Levitina,  concurrently  recorded  EKGs ,  respiration  rates, 
and  subcutaneous  temperatures,  as  described  above.  In  one  experiment, 
two  unanesthetized  rabbits  were  exposed  in  the  dorsal  aspect  of  the  head 
to  2.4-GHz  CW  RFR  at  0  to  80  raW/sq  cm  (in  20-mW/sq-cm  increments).  All 
three  indices  increased  with  increasing  power  density  in  qualitatively 
similar  fashion,  but  the  mean  respiration-rate  increases  were  20  times 
greater  than  the  heart-rate  increases.  In  another  experiment,  Birenbaum 
et  al.,  (1975)  exposed  the  entire  dorsal  surface  of  each  rabbit  to  2.8- 
GHz  RFR  (CW  or  1.3-microsecond  pulses  at  1000  pps)  at  an  average  power 
density  of  20  mW/sq  cm  and  found  no  significant  difference  between  the 
CW  and  pulsed  responses  for  each  index.  In  still  another  experiment, 
the  backs  of  rabbits  were  exposed  for  1  hr  to  2.4-GHz  CW  RFR  or  infrared 
radiation  (IR)  at  0,  10,  and  20  mW/sq  cm.  Although  the  respiration  and 
heart  rate  changes  were  substantially  the  same  for  the  RFR  and  IR,  the 
subcutaneous  temperature  increased  more  rapidly  and  rose  to  higher 
values  for  the  IR  case. 

Chou  et  al.  (1980b)  exposed  three  rabbits  dorsally  or  ventrally  20  rain 
per  day  for  10  days  to  2.45-GHz  RFR,  CW  or  pulsed  ( 1 -microsecond  pulses, 
700  pps),  at  5  mW/sq  cm  (average).  For  dorsal  exposure  at  this  level, 
the  maximum  SARs  were  0.86  W/kg  in  the  brain  and  0.09  W/kg  in  the  heart; 


450 


for  ventral  exposure,  the  corresponding  values  were  0.24  and  0.30  W/kg. 
The  same  animals  were  also  exposed  dorsally  to  10-microsecond  pulses,  at 
a  pulse  power  density  of  13,700  mW/sq  cm,  that  were  synchronized  to  the 
heart  rate  with  0-,  0.1-,  or  0.2-s  delay  times  relative  to  the  R  wave  of 
the  EKG  (which  was  measured  with  carbon-loaded  Teflon  electrodes;  Chou 
and  Guy,  1979a).  The  rabbits  were  acclimated  for  several  weeks  before 
the  experiments  and  for  at  least  15  rain  before  and  after  each  exposure. 
No  significant  differences  were  observed  between  heart  rates  during  the 
periods  of  exposure  and  nonexposure  to  RFR.  In  addition,  no  cumulative 
effects  on  heart  rate  were  observed  over  four  months  of  such  exposures. 
The  rabbits  were  also  exposed  to  CW  RFR  at  80  mW/sq  cm.  The  resulting 
heat  stress  disturbed  them  sufficiently  to  render  heart-rate  recording 
difficult.  Heart  rates  increased  for  such  exposure,  but  returned  to 
normal  about  20  min  after  termination  of  exposure. 

In  a  study  mostly  on  effects  of  RFR  on  metabolism  and  thermoregulation 
(see  Section  3.6.1),  Phillips  et  al.  (1975)  exposed  rats  to  2.45-GHz  RFR 
at  SARs  of  0,  4.5,  6.5,  or  11.5  W/kg  for  30  min.  Bradycardia  was  seen 
in  the  4.5-W/kg  group,  but  was  statistically  nonsignificant;  mild  but 
statistically  significant  bradycardia  developed  within  20  min  for  the 
6.5-W/kg  group,  with  recovery  in  about  2  hr;  and  pronounced  bradycardia 
developed  abruptly  for  the  11.1-W/kg  group,  after  which  the  heart  rates 
increased  to  values  well  above  those  of  controls  and  persisted  at  these 
levels  to  the  end  of  the  test  period.  The  bradycardia  was  accompanied 
by  irregular  heart  rhythms,  and  incomplete  heart  block  was  evident  for 
most  of  the  rats  exposed  at  the  highest  level,  but  the  rats  recovered 
within  60  min  after  cessation  of  exposure.  The  heart  block  was  surmised 
to  be  caused  by  release  of  toxic  materials,  elevated  serum  potassium,  or 
myocardial  ischemia,  all  from  excessive  heat. 

Galvin  and  McRee  (1981a)  studied  the  influence  of  exposure  to  RFR  on 
the  functioning  of  the  intact  heart  of  the  cat  with  and  without  myocar¬ 
dial  ischemia  (MI).  MI  was  induced  in  two  groups  of  cats  by  occluding 
the  left  anterior  descending  coronary  artery.  The  hearts  of  one  group 
were  exposed  for  5  hr  with  a  dielectrically  loaded  waveguide  applicator 
to  2.45-GHz  CW  RFR  at  an  SAR  of  30  W/kg,  and  those  of  the  other  group 
were  sham-exposed  for  the  same  duration.  At  30  W/kg,  heart  temperature 
of  dead  cats  increased  at  an  initial  rate  of  0.43  deg  C  per  min.  How¬ 
ever,  no  increases  in  aortic  blood  temperature  occurred  in  live  cats 
during  RFR  exposure.  For  comparison,  the  coronary  arteries  of  two  other 
groups  were  isolated  but  not  occluded,  and  the  hearts  were  similarly 
RFR-  or  sham-exposed. 

The  mean  arterial  blood  pressure,  cardiac  output,  heart  rate,  and  EKG 
were  measured  before  and  during  the  5-hr  period.  Arterial  blood  samples 
were  drawn  just  prior  to  occlusion  or  isolation  and  hourly  afterward, 
and  assayed  for  plasma  protein  concentration  and  creatine  phosphokinase 
(CPK)  activity.  After  the  5-hr  perioc ,  the  hearts  were  excised.  The 
left  ventricle  of  each  cat  with  the  occluded  artery  was  divided  into 
ischemic-myocardium  (IM)  and  nonischemic-myocardium  (NIM)  parts,  and 
anatomically  equivalent  tissue  samples  were  derived  from  the  hearts  of 
other  cats.  The  heart  samples  were  assayed  for  tissue  CPK  activity, 


expressed  as  the  ratio  of  CPK  activity  in  the  first  part  to  that  in  the 
second  part  of  each  heart. 

In  both  ischemic  and  nonischemic  cats,  the  results  showed  no  signifi¬ 
cant  differences  in  mean  arterial  blood  pressure,  cardiac  output,  or 
heart  rate  between  RFR-  and  sham-exposed  groups,  and  no  synergism  of 
ischemia  and  RFR  exposure  for  these  cardiovascular  indices.  The  EKG  of 
the  IM  groups  showed  significant  elevation  of  the  S-T  segment  during  the 
five  hours,  which  did  not  occur  for  the  NIM  groups,  but  the  differences 
in  each  case  between  RFR-  and  sham-exposed  groups  were  nonsignificant. 

In  addition,  plasma  CPK  activity  in  the  IM  groups  increased  about  nine¬ 
fold  in  the  5-hr  period,  whereas  it  increased  only  about  threefold  in 
the  NIM  groups,  but  again,  the  differences  between  RFR-  and  sham-exposed 
groups  were  nonsignificant.  Last,  the  ratio  of  myocardial  tissue  CPK 
activity  in  the  two  heart  parts  was  about  0.8  for  the  ischemic  RFR-  and 
sham-exposed  hearts  and  about  unity  for  the  nonischemic  RFR-  and  sham- 
exposed  hearts.  These  results  indicated  that  local  exposure  of  either 
the  undamaged  or  the  ischemic  heart  to  CW  RFR  in  vivo  had  no  effect  on 
the  myocardium  or  its  neural  components.  These  findings  are  at  variance 
with  those  obtained  from  isolated  hearts  exposed  to  RFR  in  vitro. 

Hamrick  and  McRee  (1980)  exposed  Japanese  quail  embryos  8-13  days  old 
to  pulsed  and  CW  2.45-GHz  RFR  at  SARs  of  0.3-30  W/kg  to  study  the 
effects  of  such  exposures  on  heart  rate.  No  effects  were  detected  that 
could  not  be  attributed  to  temperature  changes.  In  another  study, 

Galvin  et  al.  (1980a)  exposed  Japanese  quail  embryos  during  the  first 
eight  days  of  development  to  2.45-GHz  CW  RFR  at  5  or  20  mW/sq  cm  (SARs 
of  4.0  and  16.2  W/kg).  The  ambient  temperature  for  each  exposure  was 
adjusted  to  maintain  the  embryonated  eggs  at  37.5  deg  C.  (This  did  not 
preclude  the  presence  of  thermal  gradients  in  the  exposed  embryos  since 
the  RFR  may  not  have  been  uniformly  absorbed.)  No  changes  were  induced 
in  either  morphology  of  the  embryonic  heart  or  ultrastructure  of  the 
myocardial  cells.  Analysis  of  the  enzymatic  activities  of  lactate  dehy¬ 
drogenase,  glutamic  oxaloacetic  transaminase,  and  creatine  phosphokinase 
did  not  reveal  any  statistically  significant  differences  between  non- 
exposed  controls  and  those  groups  exposed  at  either  5  or  20  mW/sq  cm. 

Among  the  in-vitro  investigations  was  that  of  Frey  and  Seifert  (1968), 
who  exposed  isolated  frog  hearts  to  1.425-GHz  pulsed  RFR  at  a  peak  power 
density  of  60  mW/sq  cm  and  a  pulse  duration  of  0.01  ms.  The  pulses  were 
triggered  at  the  peak  of  the  P  wave  of  the  EKG  and  at  100  ms  and  200  ms 
after  the  peak,  so  the  average  power  density  was  negligible.  Results 
were  inconclusive  for  no  delay  and  for  the  100-ms  delay,  but  significant 
tachycardia  was  seen  for  the  200-ms  delay. 

Clapman  and  Cain  (1975)  exposed  14  groups  of  isolated  frog  hearts  for 
1  rain  each  to  1.42-  or  3-GHz  pulsed  RFR.  A  15th  group  served  as  con¬ 
trols.  Three  of  the  groups  were  exposed  to  1.42-GHz,  0.01-ms  pulses  at 
a  peak  power  density  of  60  mW/sq  cm  and  triggered  at  0,  100,  or  200  ms 
relative  to  the  P  wave  (i.e.,  the  same  values  used  by  Frey  and  Seifert, 
1968,  but  each  group  was  exposed  at  only  one  of  the  delays).  Three 
other  groups  were  similarly  exposed,  but  with  0.15-ms  instead  of  0.01-ms 
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pulses.  The  other  eight  groups  were  exposed  to  3-GHz  RFR  at  a  peak 
power  density  of  5,500  mW/sq  cm.  For  three  of  these,  0.01-ms  pulses 
were  used;  0.002-ms  pulses  were  used  for  another  three.  For  one  of  the 
remaining  groups,  0.002-ras  pulses  were  triggered  at  the  initial  rise  of 
the  QRS  complex  of  the  EKG.  The  last  group  was  exposed  to  unsynchro¬ 
nized  0  .  002-ms  pulses  at  500  pps,  which  yielded  an  average  power  density 
of  5.5  mW/sq  cm.  The  results  showed  no  significant  differences  in  heart 
rate  between  any  of  the  groups  exposed  to  RFR  and  the  control  group. 

Liu  et  al.  (1976)  also  endeavored  to  obtain  effects  similar  to  those 
of  Frey  and  Seifert  (1968).  In  one  set  of  experiments,  frog  hearts  were 
isolated  and  exposed  to  0.1-ms  pulses  of  1.42-GHz  RFR  triggered  either 
by  the  P  wave  to  begin  200-250  ms  after  the  P-wave  peak  or  by  the  R  wave 
without  significant  delay.  The  time  intervals  between  successive  P-wave 
peaks  were  measured  in  the  former,  and  those  between  successive  R-wave 
peaks  in  the  latter.  The  results  for  both  showed  no  significant  time- 
interval  variations.  In  the  other  set  of  experiments,  the  thorax  of  the 
frog  was  opened,  and  the  heart  was  exposed  in  situ  to  0.1-ms  pulses  of 
either  1.42-  or  10-GHz  RFR.  Again,  negative  results  were  obtained. 

Lords  et  al .  (1973)  exposed  isolated  turtle  hearts  submerged  in 
Ringer's  solution  to  960-MHz  CW  RFR,  typically  for  30  min,  in  a 
capacitor  system  at  applied  powers  in  the  range  from  0  to  500  mW. 
Bradycardia  was  seen  for  the  range  from  about  50  to  200  mW,  and 
tachycardia  at  higher  powers.  They  estimated  that  about  3.31  of  the 
applied  power  was  absorbed  by  the  heart  and  that  the  temperature 
increase  in  the  heart  at  100  mW  was  about  0.2  deg  C. 

Lords  et  al.  (1973)  also  found  that  heating  the  solution  (without  RFR) 
yielded  tachycardia,  so  they  hypothesized  that  the  bradycardia  observed 
in  the  lower  power  range  resulted  from  RFR-induced  neurotransmitter 
release  by  the  remnants  of  the  sympathetic  and  parasympathetic  nervous 
systems  in  the  heart  preparation.  Tinney  et  al.  (1976)  subsequently 
obtained  confirmation  of  this  hypothesis.  They  demonstrated  that  when 
propranolol  hydrochloride  (which  blocks  the  sympathetic  system)  or 
atropine  (which  blocks  the  parasympathetic  system)  was  added  to  the 
Ringer's  solution,  RFR-exposure  did  not  produce  bradycardia.  Reed  et 
al.  (1977)  produced  bradycardia  in  isolated  rat  hearts  exposed  to  the 
same  frequency  for  10  min  in  the  SAR  range  from  1.5  to  2.5  V/kg;  no 
bradycardia  was  observed  when  the  same  blocking  agents  were  used. 

Galvin  et  al.  (1981b)  isolated  cardiac  muscle  cells  from  the  Japanese 
quail  heart  and  exposed  them  in  suspension  to  2.45-GHz  CW  RFR  within  a 
special  water-f illed-waveguide  system  at  37  deg  C.  The  impedance  of  the 
waveguide  was  matched  to  that  of  free  space  by  a  quarter-wave  dielectric 
plate,  and  the  specimen  to  be  exposed  was  placed  against  the  immersed 
surface  of  the  plate.  As  a  control,  another  similarly  prepared  specimen 
was  concurrently  mounted  in  the  waveguide  at  9.5  cm  from  that  surface  of 
the  plate,  and  thus  received  essentially  no  RFR  because  of  attenuation 
by  the  intervening  water.  Exposures  were  for  90  min  at  mean  SARs  of  1, 
10,  50,  or  100  V/kg,  determined  from  t ime-temperature  profiles. 
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After  exposure,  aliquots  of  the  suspensions  were  examined  for  inte¬ 
grity  of  the  cardiac  cells  using  the  trypan-blue  exclusion  test.  (An 
intact  cell  will  exclude  this  vital  stain.)  The  remainder  of  each  sus¬ 
pension  was  centrifuged  at  250g  for  30  min,  the  supernatants  were  as¬ 
sayed  for  release  of  the  enzymes  creatine  phosphokin^se  (CPK)  and  lactic 
acid  dehydrogenase  (LDH) ,  and  the  pellets  were  resuspended.  The  latter 
suspensions  were  centrifuged  at  lOOOOg  for  15  min  and  assayed  for  bound 
enzyme.  The  pellets  from  some  experiments  were  cooled  to  4  deg  C  and 
fixed,  dehydrated,  embedded,  sectioned,  and  examined  with  an  electron 
microscope . 

Trypan-blue  exclusion  was  unaffected  by  exposure  at  1  W/kg,  but  the 
suspensions  exposed  at  10,  50,  and  100  V/kg  showed  successively  larger 
increases  in  percentages  of  cells  permeable  to  the  stain  relative  to 
their  respective  control  suspensions.  CPK  release  was  unaffected  at  any 
SAR.  However,  LDH  release  increased  monotonically  with  SAR,  but  the 
increases  relative  to  controls  were  nonsignificant  except  at  100  W/kg. 
The  ultrastructural  appearance  of  heart  cells  exposed  at  1,  10,  and  50 
W/kg,  as  well  as  control  cells  appeared  normal.  However,  cells  exposed 
at  100  W/kg  showed  increased  cytoplasmic  vacuolization  and  chromatin 
clumping,  but  the  intercellular  junctions  remained  intact. 

Galvin  et  al.  (1982a)  also  isolated  atria  of  spontaneously  beating  rat 
hearts,  suspended  the  atria  in  glass  tubes  continuously  perfused  with 
aerated  Krebs  Henseleit  solution,  and  exposed  the  specimens  individually 
for  30  min  to  2.45-GHz  CW  RFR  at  an  SAR  of  2  or  10  W/kg  in  the  special 

water-f illed-waveguide  system  at  37  or  22  deg  C.  As  before,  a  similarly 

prepared  specimen  concurrently  mounted  in  the  waveguide  at  9.5  cm  from 
the  first  served  as  a  control.  The  atria  were  equilibrated  for  30  min 
before  exposure  and  allowed  to  recover  for  30  min  after  exposure. 

Contractile  force  and  beat  rate  were  recorded  with  a  cardiotachometer 
periodically  before,  during,  and  after  exposure.  At  37  deg  C,  the  aver¬ 
age  beat  rate  for  both  exposed  and  control  atria  was  230  beats  per  min¬ 
ute  for  2  W/kg  and  215  beats  per  minute  for  10  W/kg.  However,  the  beat 

rate  of  each  specimen  expressed  as  a  percentage  of  its  own  rate  at  the 
start  of  exposure  was  not  significantly  different  from  1001.  The  aver¬ 
age  contractile  force  at  37  deg  C  was  640  mg  for  the  control  atria  and 
for  those  exposed  at  2  and  10  W/kg.  At  22  deg  C,  the  average  beat  rates 
at  2  and  10  W/kg  were  102  and  106  beats  per  minute,  respectively,  and 
there  were  no  significant  differences  between  these  values  and  their 
corresponding  control  values  expressed  as  percentages  of  initial  rates. 
The  average  contractile  force  at  22  deg  C  was  1,200  mg.  These  findings 
for  isolated  heart  atria  support  the  conclusion  of  Galvin  and  McRee 
(1981a)  that  in-vivo  exposure  of  intact  animals  to  CW  RFR  at  the  stated 
power  densities  or  SARs  has  no  influence  on  the  myocardium  or  its  neural 
components . 

The  question  about  possible  electrode  artifacts  was  studied  further  by 
Yee  et  al.  (1984),  who  divided  102  isolated  frog  hearts  into  ten  groups, 
placed  them  individually  in  a  waveguide  filled  with  Ringer's  solution, 
and  exposed  them  to  2.45-GHz  CW  RFR  at  2  and  8.55  W/kg.  Heart  rate  was 


recorded  using  one  of  the  following  methods:  3-M  KC1  glass  electrode, 
ultrasound  probe,  tension  transducer,  Ringer's  solution  glass  electrode, 
and  a  metal  wire  inserted  in  the  Ringer-solution  electrode.  Accelerated 
decrease  of  heart  rate  was  observed  only  in  those  groups  recorded  using 
the  3-M  KC1  electrode  and  the  metal  wire  Ringer's  solution  electrode. 

No  effect  was  found  in  the  other  groups.  These  results  indicate  that 
bradycardia  in  isolated  hearts  could  be  caused  by  electrode  artifacts 
resulting  from  intensification  of  the  electromagnetic  fields. 

In  summary,  results  of  studies  of  the  effects  of  RFR  on  heart-beat 
rate  in  which  EKGs  were  recorded  with  electrically  conductive  electrodes 
that  were  not  shielded  from  the  RFR  during  exposure  are  open  to  question 
with  regard  to  possible  presence  of  artifact.  On  the  other  hand, 
results  of  the  studies  done  with  shielded  or  nonperturbing  electrodes 
indicate  that  heart  rate  is  altered  by  RFR  only  at  levels  that  produce 
significant  temperature  elevations  or  otherwise  add  thermal  burdens  to 
the  animal.  Also,  the  experimental  evidence  that  RFR  pulses  that  are 
synchronous  with  various  phases  of  the  EKG  alter  heart  rate  appears  to 
be  weak  at  best;  most  of  the  results  were  negative. 
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3.6.4  OCULAR  AND  AUDITORY  EFFECTS  IN  ANIMALS 


Studies  of  ocular  effects  and  of  perception  of  RFR  pulses  as  sound  by 
animals  were  discussed  in  Sections  3. 1.4.1  and  3. 1.4.2,  respectively. 

3.6.5  CONCLUSIONS 

The  finding  that  the  thermoregulatory  systems  of  nonhuman  primates  can 
readily  compensate  for  high  RFR  levels  is  most  significant  relative  to 
possible  hazards  of  human  exposure,  because  of  the  closer  similarities 
in  anatomies  and  physiological  characteristics  among  human  and  nonhuman 
primates  than  between  those  of  humans  and  any  other  laboratory  species. 

Most  of  the  studies  of  possible  RFR-induced  effects  on  the  endocrine 
system  were  conducted  on  rodents.  Those  that  yielded  positive  findings 
indicated  that  the  effects  were  largely  due  to  increases  in  the  thermal 
burdens  of  the  animals.  In  many  of  the  studies,  the  alterations  in 
endocrine  function  may  have  been  influenced  significantly  by  stresses  in 
the  animals.  For  this  reason,  the  studies  by  Michaelson  and  coworkers 
are  notable  for  the  efforts  toward  reducing  stress  by  acclimating  the 
animals  to  handling  and  to  the  experimental  situation.  Nevertheless, 
some  of  the  subtle  effects  of  RFR  on  the  endocrine  system  are  worthy  of 
further  study. 

Regarding  effects  of  RFR  on  the  heart,  some  early  studies  were 
conducted  in  which  excised  hearts  were  exposed  to  RFR,  and  others  in 
which  the  whole  animal  was  exposed  in  vivo.  The  positive  findings 
reported  in  most  of  these  studies  (bradycardia,  tachycardia,  or  both) 
were  suspect  because  of  the  use  of  attached  or  indwelling  electrodes 
that  probably  introduced  significant  artifact  in  the  results.  Later 
studies  involving  the  use  of  electrodes  that  were  not  perturbed  by,  or 
did  not  perturb,  the  RFR  yielded  results  indicating  that  heart  rates 
were  altered  only  at  RFR  levels  that  caused  significant  body-temperature 
rises  or  otherwise  added  to  the  thermal  burden  of  the  animal. 

Also  investigated,  both  in  excised  animal  hearts  and  in  vivo,  was  the 
possibility  that  pulsed  RFR  at  repetition  rates  synchronous  with  various 
periodic  characteristics  of  the  EKG  could  alter  the  heart  rate.  Frey 
and  Seifert  (1968)  had  reported  that  tachycardia  was  induced  in  isolated 
frog  hearts  by  RFR  pulses  in  synchrony  with  the  EKG,  but  this  finding 
was  not  confirmed  by  other  investigators  in  isolated  hearts  (Clapraan  and 
Cain,  1975;  Liu  et  al.,  1976)  or  in  intact  animals  (Chou  et  al.,  1980b). 

Other  investigators  (Phillips  et  al.,  1975;  Chou  et  al.,  1980b)  showed 
that  for  CW  RFR,  levels  well  in  excess  of  1  mW/sq  cm  or  1  W/kg  were 
necessary  for  significant  alterations  of  heart  rate.  The  results  of 
another  important  study  (Galvin  and  McRee,  1981b)  indicated  that  the 
functioning  of  hearts  already  damaged  from  other  causes  is  not  affected 
by  exposure  to  CW  RFR  at  levels  of  10  mW/sq  cm  or  lower. 


458 


3 . 7  BEHAVIOR 


Numerous  investigations  have  been  conducted  on  possible  effects  of  RFR 
exposure  on  various  forms  of  animal  behavior.  The  papers  discussed  in 
Section  3.7.1  represent  most  of  the  studies  performed  on  naturalistic 
behavior,  reflex  activity,  learning,  and  performance  of  trained  tasks  by 
rabbits,  rodents,  and  nonhuman  primates.  Interactive  effects  of  RFR  and 
drugs  on  behavior  and  physiological  responses  are  discussed  in  Section 
3.7.2.  Effects  of  RFR  on  behavioral  thermoregulation  are  not  included 
below  because  they  were  discussed  in  Section  3.6.1,  "Metabolism  and 
Thermoregulation. " 

3.7.1  RFR  EFFECTS  ON  NATURALISTIC  BEHAVIOR,  REFLEX  ACTIVITY,  LEARNING, 
AND  PERFORMANCE  OF  TRAINED  TASKS 

3. 7. 1.1  RABBITS  AND  RODENTS 

Justesen  and  King  (1970)  exposed  six  Sprague-Dawley  male  rats  within  a 
modified  commercial  microwave  oven  (Justesen  et  al.,  1971)  to  2.45-GHz 
RFR  (modulated  at  60  Hz  from  the  magnetron  high-voltage  power  supply  and 
at  12  Hz  by  the  mode  stirrer)  in  chamber  temperatures  ranging  from  22  to 
26  deg  C.  Each  session  consisted  of  alternating  5-min  intervals  of  RFR 
and  no  RFR  (0.5  duty  cycle)  for  a  total  time  of  60  min.  The  silhouette- 
surface-area  equivalent  power  density,  time-averaged  over  an  exposure 
session,  was  2.5,  5,  10,  or  15  raW/sq  cm,  with  the  level  during  any 
session  never  exceeding  30  mW/sq  cm.  By  calorimetry  with  distilled- 
water  phantom  loads  in  the  oven,  the  corresponding  mean  SARs  were  about 
7.5,  15,  30,  or  45  W/kg,  but  data  we^e  presented  only  for  SARs  of  0 
(sham),  1.5,  3.1,  and  4.6  W/kg  (0,  0.5,  1.0,  and  1.5  mW/sq  cm). 

Prior  to  exposure,  the  rats  were  food-deprived  to  85Z  of  median  con¬ 
trol  weight  and  trained  on  a  fixed-ratio  (FR)  schedule  of  reinforcement, 
the  learning  task  being  to  lick  a  specially  designed  nozzle  a  prescribed 
number  of  times  (usually  40,  termed  an  FR-40  schedule)  to  be  rewarded 
with  a  drop  of  dextrose-water  solution.  Each  lick  was  detected  as  an 
interruption  of  a  light  beam  by  the  tongue.  The  FR  schedules  were  made 
more  complex  by  use  of  a  525-Hz  tone  as  alternating  reinforcement  and 
extinction  components  presented  at  random  intervals  during  a  session, 
with  "tone-on"  for  three  of  the  rats  and  "tone-off"  for  the  other  three 
rats  signifying  the  availability  of  reward.  These  rats  served  as  their 
own  controls  at  all  RFR  levels,  i.e.,  the  same  group  was  exposed,  during 
various  sessions,  at  each  of  the  time-averaged  RFR  levels  noted  above. 

The  mean  number  of  responses  during  the  reinforcement  periods  dimin¬ 
ished  monotonically  from  about  6400  per  session  at  0  W/kg  to  about  2500 
at  4.6  W/kg.  Visual  observations  of  the  rats  by  the  authors  showed  that 
the  decreases  in  total  numbers  of  responses  did  not  arise  from  lower 
licking  rates  when  the  rats  were  responding,  but  from  cessation  of 
responding,  especially  near  session  end,  probably  associated  with 
warming  of  the  rats.  The  authors  indicated  that  the  rats  exhibited 
extreme  flaccidity,  "as  if  injected  with  a  curariform  drug,"  on 
examination  at  session  end,  but  that  they  recovered  fully  within  5  to  10 


min,  with  no  aversion  for  the  chamber  on  the  next  day. 

In  subsequent  experiments,  first  the  rats  were  trained  readily  (in  2 
or  3  sessions)  to  respond  reliably  on  FR-20  complex  schedules  to  the 
fixed-interval  presence  or  absence  of  light  illumination  (from  a  house- 
lamp)  in  lieu  of  the  525-Hz  tone  as  the  cue.  The  responses  of  the  rats 
to  the  presence  or  absence  of  the  RFR  at  0.8  or  1.6  W/kg  as  the  cue  were 
then  determined.  Even  after  13  sessions,  none  of  the  rats  responded 
much  above  baseline  levels.  The  authors  defined  the  discrimination 
ratio  as  the  total  number  of  responses  per  session  by  a  rat  during 
reinforcement  divided  by  its  responses  during  extinction.  With  light  as 
the  cue,  the  ratios  were  high  (e.g.,  about  20),  but  were  low  (about  2) 
for  either  RFR  level  as  the  cue.  Moreover,  reversal  of  the  reinforce¬ 
ment  cue  from  "on"  to  "off"  midway  through  sessions  markedly  diminished 
the  ratio  for  the  light,  but  had  no  significant  effect  for  the  RFR  cues. 

Near  the  completion  of  the  behavioral  studies,  deep  rectal  tempera¬ 
tures  were  taken  just  before  and  after  60-min  sessions  at  0,  1.5,  and 
4.25  W/kg  and  after  19  min  at  4.25  W/kg.  During  sham-exposure,  four  of 
the  rats  had  initial  temperatures  less  than  38  deg  C  and  showed  tempera¬ 
ture  rises  exceeding  1  deg  C;  the  initial  temperatures  of  the  other  two 
rats  exceeded  38  deg  C  and  showed  slight  decreases.  The  results  at  1.5 
W/kg  were  presented  for  only  three  rats:  Two  of  these  showed  rises  of 
more  than  1  deg  C;  the  third  rat,  which  had  an  initial  temperature  of 
almost  39  deg  C,  showed  essentially  no  change.  At  4.25  W/kg,  the  tem¬ 
peratures  of  five  of  the  six  rats  rose  by  more  than  2  deg  C  in  60  min, 
and  the  temperatures  of  three  of  these  rats  rose  more  than  1.5  deg  C  in 
19  min. 

At  the  end  of  the  behavioral  studies,  the  RFR-exposed  rats  as  well  as 
a  group  of  7  food-deprived  rats  and  a  group  of  5  normal-weight  rats  that 
were  neither  RFR-exposed  nor  behaviorally  conditioned  were  euthanized, 
and  their  brains  were  removed  and  shipped  to  another  laboratory  for  his¬ 
tological  examination.  No  significant  differences  indicative  of  adverse 
effects  of  RFR  were  found. 

In  a  later  paper,  King  et  al.  (1971)  provisionally  ascribed  the  ab¬ 
sence  of  response  to  the  RFR  as  a  cue  to  possibly  inadequate  sensitivity 
of  a  behavioral  paradigm  based  on  appetite,  and  suggested  that  rats  may 
be  more  responsive  to  the  technique  of  conditional  suppression.  In  this 
technique,  a  subject  is  reinforced  after  it  makes  an  operant  response; 
the  subject  is  then  reinforced  on  an  intermittent  schedule  until  it  re¬ 
sponds  frequently  and  consistently;  when  this  status  is  achieved,  a 
Pavlovian  conditioning  regime  is  superposed,  in  which  a  warning  signal 
always  terminated  with  a  brief  but  aversive  unconditional  stimulus  is 
presented  at  various  times  until  the  subject  responds  stably  in  the  ab¬ 
sence  of  the  warning  signal  but  does  not  respond  when  it  is  presented. 

The  operant  response  used  was  tongue  licking  for  dextrose  solution  (as 
in  the  previous  study)  and  the  aversive  unconditional  stimulus  was  an 
electric  shock  to  the  feet.  The  efficiency  of  the  525-Hz  tone  as  a 
warning  stimulus  was  compared  with  cueing  RFR  (2.45-GHz  RFR  modulated  at 
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60  and  12  Hz,  in  the  modified  microwave  oven)  at  1.2,  2.4,  4.8,  or  6.4 
W/kg.  Discriminative  Efficiency  (DE)  was  defined  as  the  percent  ratio 
(S-W)/S,  S  being  the  number  of  responses  per  session  in  the  absence  of 
warning  and  W  the  number  of  responses  when  warning  was  presented.  For 
the  tone,  DE  exceeded  90X.  For  the  RFR,  mean  DE  at  1.2  W/kg  was  about 
25X,  a  value  barely  significant  statistically  at  the  5X  level;  mean  DEs 
increased  with  SAR  to  a  maximum  of  about  80X  at  6.4  W/kg.  Thus,  the 
effect  had  a  threshold  of  about  1.2  W/kg.  The  corresponding  silhouette- 
surface-area  equivalent  power  density  was  about  2.5  mW/sq  cm. 

Nealeigh  et  al.  (1971)  set  up  a  horizontal  Y-  maze  with  one  side  of 
its  start  box  on  the  axis  of  a  horizontally  pointed  standard-gain  horn 
at  a  distance  of  1  m  and  with  the  rest  of  the  maze  essentially  outside 
the  field  of  the  horn.  Twenty  Sprague-Dawley  female  rats  were  placed  on 
a  23.5-hr  deprivation  schedule  for  13  days,  during  which  they  were 
handled  and  placed  in  the  maze  for  familiarization.  At  the  end  of  the 
schedule,  each  of  10  of  the  rats  was  held  in  the  start  box  for  20  min 
while  it  was  exposed  to  2.45-GHz  CW  RFR  at  a  maximum  of  50  raW/sq  cm 
(value  on  horn  axis).  From  Durney  et  al.  (1978),  p.  95,  the  SAR  is 
estimated  to  have  been  about  10  W/kg.  The  remaining  10  rats  were 
similarly  sham-exposed. 

Each  rat  was  then  released  to  run  the  maze  and  to  select  either  the 
right  or  left  arm.  Once  the  rat  entered  either  arm,  it  was  kept  in  that 
arm  for  about  20  seconds  to  eat  a  food  reward  if  present.  Trial  1  was 
completed  when  the  rat  found  the  reward  for  the  first  time.  The  next 
correct  response  was  the  alternate  arm.  Each  rat  was  given  50  trials 
per  day  on  three  consecutive  days.  The  percentages  of  correct  responses 
on  each  day  were  recorded  and  were  transformed  to  arcsin  of  square-root 
of  percentage  (expressed  in  deg)  before  they  were  tested  for  statistical 
significance  by  analysis  of  variance  and  trend  analysis. 

There  was  no  significant  difference  in  behavior  between  the  two  groups 
during  the  20  min  of  RFR-  or  sham-exposure;  neither  group  appeared  to  be 
stressed.  Rectal  temperatures  taken  on  two  male  rats  during  20  min  of 
RFR  exposure  each  increased  approximately  linearly  by  about  1.5  deg  C. 

The  performance  data  in  the  maze  for  the  RFR  group  yielded  mean  angles 
(transformed  percentages)  of  52.5,  60.7,  and  71.2  deg  for  days  1,  2,  and 
3,  respectively,  an  almost  linear  increase  in  learning.  The  results  for 
the  sham  group  were  56.1,  56.5,  and  65.2  deg,  respectively.  Based  on 
the  statistical  analyses,  the  RFR  had  a  stimulatory  effect,  i.e,  it 
improved  the  performance  of  the  rats. 

Lobanova  (1974),  in  the  first  of  several  series  of  experiments, 
trained  rabbits  to  respond  to  a  sound  or  light  stimulus  by  pulling  on  a 
ring  attached  to  a  food-dispensing  trough.  The  author  then  exposed  the 
rabbits  60  rain  daily  for  4  months  to  centimeter-range  RFR  (wavelength 
not  stated,  but  presumably  10  cm,  used  in  subsequent  experiments)  at  10 
mW/sq  cm.  For  a  prolate-spheroidal  model  of  a  1-kg  rabbit  exposed  to  3- 
GHz  (10-cra)  RFR  at  this  level  in  the  E-  or  H-polarizat ion ,  the  SAR  would 
be  about  1.4  W/kg  (Durney  et  al.,  1978,  p.  92).  Exposure  during  the 


first  3  months  led  to  only  slight  weakening  of  the  conditioned  reflexes 
(to  about  902  of  baseline)  as  shown  by  increased  latency  or  absence  of 
response  and  failure  to  recognize  the  conditioned  stimulus.  During  the 
fourth  month,  however,  the  conditioned  reflexes  dropped  to  about  40X  of 
baseline.  Full  recovery  to  baseline  occurred  in  the  second  month  after 
exposure  cessation,  with  an  intermediate  recovery  to  70X  in  the  first 
post-exposure  month. 

In  the  second  series,  outbred  non-stock  rats  were  trained  to  push  a 
lever  to  obtain  food,  after  which  they  were  exposed  to  the  RFR  at  10 
mW/sq  cm  60  rain  daily  for  6  months.  In  the  third  series,  inbred  rats 
(K-M  strain,  characterized  as  being  more  sensitive  to  CNS  excitation) 
were  similarly  treated.  The  SAR  for  a  prolate-spheroidal  model  of  a 
medium  (320-g)  rat  exposed  to  3-GHz  RFR  at  this  level  is  about  2  W/kg 
(Durney  et  al . ,  1978,  p.  95).  Unexposed  rats  served  as  controls.  Prior 
to  exposure,  all  three  groups  of  rats  performed  at  close  to  baseline 
level.  The  performance  of  the  inbred  group  diminished  to  about  87X  and 
76X  respectively  during  the  first  and  second  months  of  exposure,  rose  to 
91X  during  the  third  month,  and  decreased  to  83X  by  the  sixth  month.  By 
contrast,  the  performance  of  the  outbred  group  varied  somewhat  above  and 
below  the  70X  level  during  the  entire  six  months  of  exposure. 

In  other  series  of  experiments,  the  author  reported  various  perfor¬ 
mance  differences  between  the  inbred  and  outbred  rats,  with  no  clear 
patterns  discernible.  In  still  other  experiments,  significant  differ¬ 
ences  were  found  in  reactions  to  intense  sound  stimulation  for  rats 
exposed  to  3-GHz  pulsed  or  CW  RFR  at  1  and  10  roW/sq  cm  (0.2  and  2  V/kg). 
From  the  results  for  the  latter  experiments,  the  author  concluded:  "It 
follows  that  10  mW/sq-cm,  15  min  irradiation  does  not  influence  signifi¬ 
cantly  the  level  of  excitability  of  the  CNS,  while  1  mW/sq  cm,  15  min 
somewhat  increases  it."  However,  the  nonmonotonic  time  variations  of 
responses  in  the  second  series  may  be  indicative  of  the  presence  of  un¬ 
controlled  non-RFR  factors,  which  would  render  questionable  all  of  the 
results  of  this  investigation. 

Thomas  et  al.  (1975)  placed  each  of  4  Sprague-Dawley  albino  male  rats, 
maintained  at  8QX  of  their  free-feeding  weights,  in  a  behavioral  chamber 
having  two  levers,  with  a  red  light  over  one  and  a  blue  light  over  the 
other.  A  yellow  light  mounted  within  the  chamber  served  as  the  house 
light.  A  food  hopper  was  mounted  midway  between  the  levers.  First,  the 
rats  were  trained  by  the  method  of  successive  approximations  to  press 
each  of  the  levers  to  obtain  a  food  pellet.  They  were  then  required  to 
learn  the  following  multiple  fixed-ratio,  differential  reinforcement  of 
low  rate  (mult  FR  DRL)  schedule.  Whenever  the  red  light  above  the  right 
lever  was  on  and  the  house  light  was  off,  the  rat  was  required  to  press 
the  right  lever  20  times  for  a  pellet  (FR-20  schedule);  whenever  the 
blue  light  over  the  left  lever  and  the  house  light  were  on,  a  pellet  was 
delivered  by  the  second  of  two  presses  of  the  left  lever  separated  by  at 
least  18  but  not  more  than  24  seconds,  comprising  a  DRL-18  schedule  with 
limited-hold  (LH-6)  contingency. 

The  rats  performed  for  6  days  per  week  in  1-hr  sessions,  during  which 
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the  FR-20  and  the  DRL-18,  LH-6  schedules  were  each  for  3  min  and  were 
alternated  at  random  times.  Inserted  between  each  pair  of  successive 
schedules  was  a  30-second  time-out  period,  during  which  all  lights  were 
off  and  response  on  either  lever  extended  the  time-out  for  30  seconds. 
Each  rat  performed  at  baseline  for  about  60  sessions  on  the  multiple 
schedule  before  exposure  experiments  were  initiated.  Then,  on  1  or  2 
days  a  week  just  before  the  performance  session,  each  rat  in  a  sleeve 
holder  was  exposed  for  30  min  in  an  anechoic  chamber  to  vertically 
polarized  far-field  RFR  of  one  of  the  following  types:  2.86-  or  9.6-GHz 
1-microsecond  pulses  at  500  pps  or  2.45-GHz  CW,  each  at  average  power 
densities  up  to  20  mW/sq  cm,  with  sham-exposure  for  every  third  session. 
Presuming  that  the  long  axis  of  the  rat  was  perpendicular  to  the  E-  and 
propagation  vectors  (H-polarization) ,  the  SARs  are  estimated  from  Durney 
et  al.  (1978),  p.  95,  to  have  been  about  0.2  W/kg  per  mV/sq  cm  at  all 
three  frequencies. 

During  baseline  sessions,  the  rats  exhibited  high  and  constant  re¬ 
sponse  rates  on  the  FR  schedule.  All  three  types  of  RFR  affected  per¬ 
formance.  The  mean  response  rate  on  the  FR  schedule  after  exposure  to 
the  9.6-GHz  pulses  at  3  mW/sq  cm  (0.6  W/kg)  was  about  120Z  of  mean  con¬ 
trol  level,  but  fell  to  values  between  90Z  and  98Z  at  higher  power  den¬ 
sities.  The  mean  response  rates  on  the  FR  schedule  to  the  other  two 
types  of  RFR  varied  nonmonotonically  with  power  density,  but  were  all 
90Z  or  lower,  falling  to  about  10Z  for  2.86-GHz  pulses  at  20  mW/sq  cm  (4 
W/kg).  The  response  rates  on  the  DRL  schedule,  in  percentage  of  the 
performance  for  the  sham-exposure  session  just  preceding  the  RFR  ses¬ 
sion,  also  varied  nonmonotonically  with  power  density  to  values  well 
above  and  below  the  baseline.  The  9.6-GHz  pulses  yielded  larger 
percentage  increases  than  the  other  two  types  of  RFR  at  corresponding 
levels  up  to  15  mW/sq  cm  (3  W/kg),  but  the  largest  increase  was  for  the 
2.86-GHz  pulsed  RFR  at  20  mW/sq  cm  (4  W/kg). 

The  mean  response  rate  during  time-outs  between  FR  and  DRL  schedules 
on  sham-exposure  days  was  about  420Z  of  baseline,  with  a  range  of  200- 
600Z.  The  plots  of  response  rates  vs  power  density  were  roughly 
inverted-U  in  shape,  with  maxima  of  2300Z  after  exposure  to  2.45-GHz  CW 
RFR  at  7  mW/sq  cm  (1.4  W/kg),  1150Z  after  exposure  to  2.86-GHz  pulses  at 
10  mW/sq  cm  (2  W/kg),  and  900Z  after  exposure  to  9.6-GHz  pulses  at  5 
mW/sq  cm  (1  W/kg). 

The  authors  noted  that  "the  low  rates  of  responding  produced  by  the 
DRL  schedule  increased  after  irradiation,  and  the  high  rates  of  respond¬ 
ing  produced  by  the  FR  schedule  decreased  after  irradiation.  Responding 
also  increased  during  time-out  periods  between  the  component  schedules 
as  a  result  of  microwave  exposures."  However,  only  four  rats  were 
studied,  which  may  have  precluded  valid  statistical  treatment  of  the 
data  (no  treatment  presented),  and  the  nonmonotonic  variations  of  per¬ 
formances  with  power  density  may  have  been  due  at  least  in  part  to  un¬ 
controlled  non-RFR  factors. 

In  another  study,  Thomas  et  al.  (1976)  trained  four  male  albino  rats 
to  perform  on  a  reinforcement  schedule  in  which  each  rat  was  required  to 


press  one  lever  (at  right)  at  least  eight  consecutive  times  before  a 
response  on  another  lever  (at  left)  would  produce  a  pellet.  When  the 
rat  switched  to  the  left  lever  in  fewer  than  eight  times,  the  count  was 
restarted.  Each  daily  session  lasted  until  60  food  reinforcements  were 
delivered.  The  session  was  then  terminated  by  inactivating  the  lever 
switches  and  extinguishing  the  houselight.  The  sessions  were  conducted 
for  6  months  to  ensure  stability  in  baseline  performance. 

The  rats  were  then  individually  exposed  broadside  in  the  near-field  of 
a  horn  (at  about  a  third  or  half  the  conventional  boundary  of  the  far- 
field  distance),  with  head  on  the  horn's  axis,  to  vertically  polarized 
2.45-GHz  pulsed  RFR  (1-microsecond  pulses  at  500  pps)  for  30  min  one  day 
a  week  at  5,  10,  or  15  mW/sq  cm  (1,  2,  or  3  W/kg).  The  sessions  on  the 
rein.r cceraent  schedule  were  started  5-10  min  after  exposure.  Each  rat 
was  exposed  at  each  level  twice  or  three  times  in  semirandom  sequence, 
with  sham-exposures  every  day  between  RFR-exposures .  Core  temperatures, 
taken  during  and  immediately  after  exposure,  were  found  to  be  within 
normal  variations  and  not  correlated  with  RFR  exposure.  The  results  for 
the  last  two  exposures  at  each  RFR  level  and  the  last  two  sham-exposures 
were  presented. 

The  mean  running  rate  (number  of  responses  per  second)  of  the  four 
rats  showed  no  systematic  changes  with  power  density.  However,  the  mean 
percentage  of  runs  in  each  session  that  were  long  enough  to  produce 
reinforcement  dropped  from  close  to  80X  after  sham-exposures  to  about 
602  after  exposures  at  5  or  10  raW/sq  cm  ( 1  or  2  W/kg)  and  to  less  than 
502  after  exposures  at  15  mW/sq  cm  (3  W/kg).  By  F-test,  these  decreases 
were  significant.  There  was  also  a  significant,  approximately  linear 
decrease  with  power  density  in  the  mean  number  of  responses  on  the  right 
lever  between  responses  on  the  left  lever  (run  length),  from  about  10  to 
less  than  8  responses,  changes  directly  associated  with  increases  in  the 
number  of  run  lengths  less  than  the  required  8  right-lever  presses. 

Frey  et  al.  (1975)  performed  two  experiments  directed  toward  determin¬ 
ing  the  relationship  between  neural  function  and  behavior.  In  one,  they 
sought  effects  of  RFR  exposure  on  the  blood-brain  barrier.  The  results 
of  this  experiment  were  discussed  in  Section  3.4.1.  In  the  other,  they 
sham-exposed  or  exposed  female  Sprague-Dawley  rats  dorsally  to  1 . 6-GHz 
CW  RFR  at  2.4  raW/sq  cm  or  to  pulsed  RFR  (0.5-ras  pulses,  1000  pps)  at  2.1 
mW/sq  cm  peak  and  0.2  raW/sq  cm  average  (6  rats  per  condition)  within  a 
shuttle  box,  half  of  which  was  shielded  against  the  RFR.  The  SAR  at  1.2 
GHz  for  a  prolate-spheroidal  model  of  a  medium  rat  (Durney  et  al.,  1978, 
p.  95)  is  about  0.3  W/kg  per  raW/sq  cm  (the  mean  of  the  values  for  the  E- 
and  H-pol ar izat ions ) ,  yielding  estimated  SARs  for  the  CW  and  pulsed  RFR 
of  about  0.7  and  0.06  W/kg,  respectively.  Each  rat  was  treated  for  30 
min/day  on  4  successive  days,  and  the  fraction  of  the  time  it  spent  in 
the  unshielded  half  of  the  shuttle  box  during  each  session  was  recorded. 

The  authors  reported  that  all  three  groups  spent  approximately  602  in 
the  unshielded  half  during  the  first  two  daily  sessions  and  that  the 
differences  among  groups  were  not  statistically  significant.  For  the 
other  two  daily  sessions,  however,  the  pulsed  group  spent  only  302  in 


the  unshielded  half,  the  CW  group  642,  and  the  sham  group  522.  The 
difference  in  time  spent  between  the  CW  and  the  sham  groups  was  not 
significant,  but  the  differences  between  the  pulsed  and  the  other  two 
groups  were  significant,  indicating  that  the  rats  tended  to  avoid  the 
pulsed  RFR.  Because  the  pulse  characteristics  were  well  below  those 
necessary  to  produce  the  RFR-auditory  effect  (see  Section  3. 1.4.2)  in 
either  the  rats  or  the  walls  of  the  shuttle  box,  it  seems  unlikely  that 
this  effect  was  involved. 


The  behavioral  data  presented  were  insufficient  to  permit  analysis  of 
the  validity  of  the  avoidance  conclusion.  Specifically,  it  is  unclear 
why  the  authors  presented  only  the  combined  data  for  the  first  two  days 
and  for  the  second  two  days  instead  of  the  data  for  each  day.  Also, 
because  all  three  groups  spent  about  602  of  the  session  time  in  the 
unshielded  half  of  the  shuttle  box  during  the  first  two  days  (which 
might  indicate  some  preference  for  that  half  of  the  box  irrespective  of 
the  presence  or  absence  of  the  CW  or  pulsed  RFR),  it  is  difficult  to 
draw  any  inferences  regarding  why  the  pulsed  group  spent  only  302  there 
during  the  second  two  days. 


In  another  study,  Frey  and  Feld  (1975)  again  reported  avoidance  of  RFR 
by  rats  in  a  shuttle  box.  In  the  first  of  two  experiments,  four  rats 
were  exposed  horizontally  two  at  a  time  in  two  shuttle  boxes  to  30- 
raicrosecond  1.2-GHz  pulses  at  100  pps  in  seven  daily  sessions  of  90-rain 
duration.  The  right  side  of  one  box  (A)  and  the  left  side  of  the  other 
box  (B)  were  shielded  against  the  RFR  to  control  for  possible  side 
preference.  Peak  and  average  power  densities  in  the  unshielded  half  of 
box  A  were  133  and  0.4  raW/sq  cm  (0.08  W/kg  for  K-polar izat ion ,  Durney  et 
al.,  1978,  p.  95).  The  values  in  the  unshielded  half  of  box  B  were  300 
and  0.9  mW/sq  cm  (0.18  W/kg).  A  group  of  four  rats  was  similarly  sham- 
exposed.  The  rats  were  maintained  in  home  cages  with  reversed  12-hr 
day/night  cycle  and  were  habituated  to  handling  for  at  least  one  week 
before  exposure. 


The  authors  noted  that  most  rat  activity  occurred  during  the  first  30 
min  of  each  session  and  they  used  the  Mann-Whitney  U-test  on  the  data 
for  that  part  of  each  session.  The  authors  stated  (without  presenting 
actual  data)  that  the  pulsed-RFR  group  averaged  292  of  the  time  in  the 
unshielded  half  as  compared  with  572  for  the  sham  group,  a  significant 
difference  (U-0,  p-0.014).  They  also  stated:  "An  aversive  effect  was 
apparent  within  15  min,  since  the  respective  proportions  of  time  spent 
in  the  illuminated  side  within  the  first  15  rain  were  322  and  542  for 
experimental  and  control  groups,  respectively  (U-l,  p-.029).  The  effect 
was  consistent  over  7  days  of  testing,  and  the  animals  responded 
similarly  in  Boxes  A  and  B,  even  though  the  boxes'  unshielded  halves 
differed  in  the  amount  of  energy  that  illuminated  them."  They  also 
indicated  that  the  mean  number  of  crossings  per  session  was  7  for  the 
RFR  group  and  15  for  the  sham  groups  (U-0,  p-0.014). 


For  the  second  experiment,  the  shuttle-box  design  was  improved,  only 
one  shuttle  box  was  used  but  each  half  was  shielded  alternately  on  a 
random  basis,  a  CW  group  was  included,  and  four  daily  sessions  of  only 
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30  min  each  were  conducted  on  each  rat.  The  pulsed  group  (6  rats)  was 
exposed  to  0.5-millisecond  pulses,  1000  pps,  at  peak  and  average  levels 
of  2.1  and  0.2  mW/sq  cm  (0.06  W/kg),  and  the  CW  group  (6  rats)  at  2.4 
mW/sq  cm  (0.48  W/kg). 

The  authors  stated:  "We  expected  that  avoidance  would  not  appear  as 
soon  as  it  did  with  the  higher  power  levels  used  in  Experiment  1.  This 
may  be  noted  by  comparing  the  three  exposure  groups  during  the  first  two 
sessions  and  comparing  them  again  during  the  last  two  sessions  of  the 
four-session  sequence."  The  average  times  spent  in  the  unshielded  half 
by  the  pulsed,  CW,  and  sham  groups  during  the  first  two  days  were  60X, 
64X,  and  58X,  respectively  (nonsignificant  differences).  For  the  second 
two  days,  the  corresponding  values  were  30Z,  64Z,  and  52X.  Significant 
differences  (U-4,  p-0.0.13)  were  found  between  the  pulsed  and  CW  groups 
and  between  the  pulsed  and  sham  groups,  but  not  between  the  CW  and  sham 
groups  (U-13,  p>0.05).  Again,  no  actual  data  were  presented. 

It  is  not  clear  whether  the  7  crossings  per  session  (mean)  for  the  RFR 
group  and  15  per  session  for  the  sham  group  in  the  first  experiment  were 
for  the  90  min  or  the  first  30  min  thereof.  In  either  case,  such  rates 
of  avoidance  of  a  noxious  stimulus  seem  low.  (Corresponding  values  for 
the  second  experiment  were  not  given.)  The  general  reviewer  comments 
presented  above  relative  to  Frey  et  al.  (1975)  seem  applicable  to  this 
paper  as  well,  except  that  the  characteristics  of  the  pulses  used  in  the 
first  but  not  the  second  experiment  described  in  the  latter  paper  might 
have  been  adequate  to  produce  the  RFR-auditory  effect. 

Hunt  et  al.  (1975),  in  a  three-part  study,  exposed  male  Wistar  rats 
for  30  rain  to  2.45-GHz  RFR  pulses  (quasi-sinusoidal ,  2.5-ms  half¬ 
amplitude  duration,  120  pps)  in  a  cylindrical  confining  holder  made  of 
expanded  bead  polystyrene  (Folyfoam)  and  Lucite  rods  within  a  modified 
commercial  microwave  oven  (Justesen  et  al.,  1971)  maintained  at  24  deg  C 
and  20-40X  relative  humidity.  Based  on  the  weight  of  each  rat,  the 
input  power  was  adjusted  to  yield  6.3  W/kg  for  an  exploratory  behavioral 
test  used  in  the  first  part  of  the  study,  6.3  or  11  W/kg  for  a  swimming 
test  in  the  second  part,  and  6.5  or  11  W/kg  for  a  discrimination  test  in 
the  third  part.  All  rats  were  repeatedly  confined  to  the  holder,  and 
sham-exposed  when  appropriate,  prior  to  treatment.  From  Justesen  et  al . 
(1971),  the  corresponding  silhouette-surface-area  equivalent  power 
densities  were  about  2.1,  2.2,  and  3.7  mW/sq  cm. 


In  the  first  part,  designed  to  test  for  effects  of  RFR  on  exploratory 
activity,  each  rat  was  exposed  to  the  RFR  and  then  placed  for  the  first 
time  in  its  life  in  a  chamber  within  which  its  exploratory  movements 
were  recorded  with  a  commercial  activity  meter  (calibrated  to  exclude 
most  non-exploratory  movements  such  as  scratching  or  grooming).  The 
number  of  movements  was  counted  during  the  first  15  min  and  during  each 
30-min  interval  afterward  for  sessions  lasting  either  45  or  105  min.  In 
one  set  of  three  replications,  the  activity  test  was  started  immediately 
after  exposure.  In  another  set,  each  rat  was  held  undisturbed  within  a 
metal  cage  similar  to  its  home  cage  for  1  hr  after  exposure  before  the 
test  was  started.  In  a  third  set  similar  to  the  second,  deep  colonic 
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temperatures  were  measured  immediately  after  exposure  and  again  just 
before  starting  the  test. 

Mean  activities  of  the  rats  in  the  first  set  of  replications  decreased 
with  elapsed  time  after  either  RFR-  or  sham-exposure,  but  the  values 
after  RFR-exposure  were  generally  lower  during  most  of  each  test  period 
than  after  sham-exposure  and  became  comparable  for  the  two  treatments 
toward  session  end.  From  observations  through  a  window,  the  RFR-exposed 
rats  were  likely  to  be  in  sleeping  positions  during  the  middle  part  of  a 
session.  Qualitatively  similar  behavior  was  observed  for  the  sets  in 
which  the  rats  were  tested  1  hr  after  treatment.  Following  treatment  in 
the  last  replication,  the  mean  rectal  temperatures  of  the  RFR-  and  sham- 
exposed  rats  were  40.3  and  38.6  deg  C,  respectively.  One  hour  later, 
their  respective  mean  temperatures  were  37.8  and  38.0  deg  C. 

In  the  second  part  of  this  study,  Hunt  et  al .  (1975)  trained  rats  by 
immersion  to  swim  a  6-m-long  channel  of  water  (at  24  deg  C)  repeatedly 
forth  and  back  during  a  24-hr  period,  with  rests  of  20  or  30  seconds  at 
each  end  of  the  channel.  Each  rat's  performance  vs  time  was  scored  as 
its  median  swim  speed  for  each  successive  block  of  20  traverses.  After 
training,  the  rats  were  given  a  pretreatment  test  and  distributed  into 
RFR  and  sham  groups  on  the  basis  of  equal  proficiency.  In  one  of  three 
experiments,  the  pretest  was  for  3  hr;  one  day  later,  the  rats  were 
exposed  at  6.3  W/kg  (or  sham-exposed)  for  30  min  and  a  5-hr  test  was 
given  right  after  treatment  to  determine  prompt  effects.  In  the  second 
and  third  experiments,  the  pretest  consisted  of  200  traverses,  the  rats 
were  exposed  at  11  W/kg  (or  sham-exposed),  and  the  post-treatment  test 
was  400  traverses,  given  2  days  after  pretest,  either  immediately  after 
treatment  or  after  a  1-day  delay.  Colonic  temperatures  were  measured 
immediately  after  treatment  and  before  and  after  swimming  sessions.  The 
results  showed  that  the  rats  exposed  at  1 1  W/kg  were  rendered  severely 
hyperthermic  (41  deg  C  or  higher),  with  some  relief  by  immersion  during 
the  post-treatment  test  for  those  tested  immediately  after  exposure. 

For  the  sham-exposed  groups  in  all  three  experiments,  the  performances 
in  the  pretest  sessions  were  comparable:  high  initial  speeds,  quick 
drops  and  rises  to  plateau  speeds  of  36-38  cm/s  for  about  100  traverses, 
followed  by  steady  declines  until  session  end.  In  the  post-treatment 
sessions,  all  three  groups  exhibited  initial  speeds  comparable  to  the 
values  in  the  pretest  sessions,  but  the  sham-exposed  groups  for  the 
second  and  third  experiments  showed  successively  steeper  drops  and  lower 
plateaus  than  the  sham-exposed  group  for  the  first  experiment.  By  about 
250  traverses,  the  mean  speeds  of  all  three  control  groups  were  again 
comparable . 

The  performance  of  the  group  exposed  at  6.3  W/kg  was  essentially  simi¬ 
lar  to  that  of  their  control  group  for  about  200  traverses,  but  was  be¬ 
low  mean  control  speed  for  about  the  next  100  traverses,  at  which  point 
the  performances  of  the  two  groups  became  comparable  again.  Similar  re¬ 
sults  were  obtained  for  the  group  exposed  at  11  W/kg  and  tested  1  day 
later.  However,  the  performance  of  the  group  exposed  at  11  W/kg  and 
tested  with  no  delay  was  initially  significantly  below  that  of  the  con- 
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trol  group;  it  recovered  and  remained  at  control  performance  during 
about  the  first  100  traverses,  but  diminished  to  well  below  control  per¬ 
formance  for  most  of  the  remaining  session  period.  The  performance  of 
this  RFR  group  was  clearly  impaired  by  the  hyperthermia  despite  the 
partial  relief  obtained  from  immersion,  but  the  authors  noted  that  other 
factors  associated  with  hyperthermia  (e.g.,  thermoregulatory  overcompen¬ 
sation,  lower  metabolic  rate,  cardiovascular  changes)  may  have  contribu¬ 
ted  to  impairment.  By  contrast,  the  other  1 1-W/kg-group  had  recovered 
from  the  hyperthermia  when  tested  1  day  later. 

The  last  part  of  the  study  was  designed  to  test  rat  performance  of  a 
complex  vigilance-discrimination  task  for  30  min  immediately  after  a  30- 
min  sham-exposure  or  exposure  at  6.5  or  11  W/kg.  Rats  were  maintained 
on  a  23-hr  water-deprivation  cycle  and  were  reinforced  for  each  correct 
response  (lever  press  when  appropriate)  by  the  delivery  of  0.08  ml  of 
saccharin-flavored  water.  In  the  test  procedure,  a  light  flash  (S+) 
signaled  the  availability  of  a  single  reinforcement,  and  a  brief  burst 
of  sound  (S-)  indicated  that  a  "time-out"  punishment  would  follow  a 
lever  response.  Either  cue  was  presented  at  the  start  of  5-second 
intervals,  with  S+  given  randomly  at  12. 5X  of  the  intervals  (about  45 
times  during  the  30-rain  test  period).  A  failure  to  respond  in  time  to 
an  S+  constituted  an  error  of  omission.  Responses  to  S-  presented  at 
all  other  intervals  constituted  errors  of  commission.  Either  type  of 
error  resulted  in  punishments  consisting  of  a  15-second  time-out,  during 
which  the  house  light  was  extinguished  and  no  cues  were  presented.  More 
than  one  response  during  an  S+  interval  also  produced  a  15-second  time¬ 
out,  but  few  such  errors  occurred  after  extensive  training. 

On  each  session  day,  each  rat  was  first  given  10  min  of  practice  on 
the  discrimination  task,  then  confined  in  the  holder  within  the  cavity 
for  30  min,  after  which  it  was  given  the  30-min  discrimination  test. 
After  the  rats  had  achieved  stable  performance  levels  under  this 
schedule,  each  was  tested  on  five  consecutive  days.  On  the  first  day, 
all  groups  were  sham-exposed.  During  the  next  four  days,  each  group  was 
exposed  for  one  30-min  period  each  at  6.5  and  11  W/kg  and  two  periods  of 
sham-exposure,  i.e.,  each  rat  received  all  three  treatments.  However, 
the  treatment  sequence  was  varied  among  groups,  with  at  least  one  of  the 
sham-exposure  days  between  the  two  RFR-exposure  days. 

The  results  were  presented  graphically  for  each  treatment  as  the  mean 
percentages  of  omission  and  commission  errors  vs  elapsed  time  during 
testing  (at  the  5-,  15-,  and  25-rain  epochs).  For  the  test  sessions 
following  the  sham-exposures,  the  mean  omission  errors  were  in  the  10- 
15%  range  at  all  three  epochs.  For  the  session  following  exposure  at 
6.5  W/kg,  the  mean  of  omission  errors  was  about  36%  at  5  min,  but  was  in 
the  10-15%  (sham-exposure)  range  at  15  and  25  min.  Following  exposure 
at  11  W/kg,  however,  the  respective  omission-error  percentages  at  5,  15, 
and  25  min  were  75,  50,  and  40.  Thus,  the  rats  were  missing  or  ignoring 
S-f  cues  early  in  the  sessions  following  exposure  to  RFR  at  either  level, 
but  the  effect  was  more  severe  for  11  W/kg  and  was  well  above  the  sham- 
exposure  range  by  session  end.  The  commission-error  results  were  in  the 
1-2.5%  range  at  all  three  epochs,  with  no  significant  differences  among 


the  treatments. 


Chernovetz  et  al .  (1975),  in  a  study  devoted  primarily  to  teratogenic 
effects  of  RFR  (Section  3. 3. 2.1),  exposed  three  groups  of  five  pregnant 
C3H/HeJ  mice  to  2.45-GHz  RFR,  each  group  concurrently  in  a  multimode, 
mode-stirred  cavity  at  38  W/kg  for  10  min  on  gestation  day  19.  Three 
other  groups  were  sham-exposed.  Another  six  groups  were  injected  with 
cortisone  (as  a  teratogen),  three  groups  of  which  were  then  exposed  to 
the  RFR  and  the  other  three  groups  were  sham-exposed.  All  60  dams  were 
allowed  to  come  to  term. 

At  38  days  of  age,  nine  pups  from  the  non-injected  sham-exposed 
groups,  15  from  the  non-injected  RFR-exposed  groups,  and  11  from  those 
that  received  cortisone  and  RFR  were  selected  and  their  ability  to  learn 
to  swim  a  cold-water  (16  deg  C)  Lashley-III  maze  in  one  direction  and  to 
subsequently  learn  to  swim  the  maze  in  the  reverse  direction  (reversal 
learning)  were  studied.  The  motor  abilities  of  the  three  treatment 
groups  were  essentially  the  same.  Also,  statistical  analysis  of  the 
errors  made  in  the  original  learning  showed  no  significant  differences 
between  the  two  non-cortisone  groups,  but  higher  error  scores  for  the 
combined-treatment  group.  All  three  treatment  groups  showed  significant 
changes  in  their  respective  error  scores  for  reversal  learning.  Thus, 
exposure  of  the  dams  to  a  nearly  lethal  level  of  RFR  had  no  discernible 
effect  on  the  motor  abilities  or  behavior  of  the  pups. 

Moe  et  al.  (1976)  pair-matched  16  male  Wistar  rats  by  weight  (range 
360-410  g).  They  then  concurrently  exposed  one  of  each  pair  for  10  hr 
each  night  for  three  weeks  (total  exposure  time  210  hr)  unrestrained  in 
an  individual  Plexiglas  cage  within  a  cylindrical  waveguide  (Guy  and 
Chou,  1976)  to  circularly  polarized  918-MHz  CW  RFR  at  10  mW/sq  cm  (4 
W/kg).  Food  and  a  0.11  sodium  saccharin  solution  were  available  ad 
libitum  in  a  manner  that  precluded  absorption  of  RFR  energy  therein. 

The  other  rats  were  sham-exposed  but  otherwise  similarly  treated. 

For  three  weeks  prior  to  the  start  of  exposure,  rats  were  adapted  to 
the  waveguides  by  maintaining  them  therein  from  1700  to  0800  each  day, 
at  the  end  of  which  they  were  returned  to  their  home  cages.  The  RFR- 
and  sham  exposures  were  then  performed  from  2200  to  0800,  i.e.,  during 
the  active  part  of  the  rat's  diurnal  cycle,  after  which  the  rats  were 
weighed  and  their  consumption  of  food  and  saccharin  in  the  waveguide 
were  measured.  Core  temperatures  were  taken  aperiodically  at  0800. 

During  exposure,  the  behavioral  repertoire  of  each  rat  (divided  into 
the  mutually  exclusive  categories:  eating,  drinking,  grooming,  activity, 
and  at  rest)  was  sampled  five  times  for  about  1  second  each  time  in 
sessions  at  2230,  0300,  and  0730.  The  at-rest  category  was  divided  into 
"curled-up"  and  "stretched-out" ,  and  the  orientation  relative  to  the 
propagation  direction  was  noted.  To  determine  the  basal  and  ether- 
stress-induced  corticosterone  levels  of  each  rat,  2  cc  of  blood  was 
obtained  by  cardiac  puncture  under  light  ether  anesthesia  at  exposure 
end;  15  min  later,  the  rats  were  lightly  anesthetized  again  and  another 
2-cc  sample  was  taken.  In  addition,  four  0.05-cc  samples  were  taken 
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from  the  tail  at  intervals  of  6  hr  starting  immediately  after  drawing 
the  first  cardiac  sample,  and  were  assayed  for  blood  glucose  levels. 


By  analysis  of  variance,  there  were  no  significant  differences  between 
the  RFR-  and  sham-exposed  rats  in  body  weights,  core  temperatures,  basal 
and  ether-stress-induced  corticosterone  levels,  or  in  daily  saccharin 
consumption.  Daily  food  consumption  (averaged  over  5-day  blocks)  by  the 
two  groups  was  comparable  during  adaptation  and  diminished  comparably 
under  ether  stress.  However,  consumption  by  the  sham  group  recovered  to 
pretreatment  levels,  whereas  it  remained  low  for  the  RFR  group.  Mean 
blood  glucose  levels  at  1200,  1800,  2400,  and  0600  were  presented  for 
both  groups,  times  that  appear  to  have  been  different  than  those  when 
blood  was  drawn  from  the  tail  (0700,  1300,  1900,  0100).  The  values 
varied  nonraonotonical ly  with  time  of  day,  but  were  significantly  lower 
for  the  RFR-  than  the  sham  group  at  corresponding  times. 

The  behavior  of  the  sham  group,  presented  as  mean  activity  responses 
at  2230,  0300,  and  0730,  were  about  3.6,  3.2,  and  1.2,  respectively,  a 
monotonic  decrease.  The  corresponding  values  for  the  RFR  group  were 
about  1.3,  1.8,  and  0.2,  indicating  an  increase  in  activity  at  0300,  but 
all  were  significantly  lower  than  the  respective  values  for  the  sham 
group.  In  addition,  the  rats  in  both  groups  spent  virtually  all  of 
their  resting  time  in  the  stretched-out  position  at  2230;  at  0300  and 
0730,  however,  the  sham  group  spent  only  about  30Z  of  the  time  stretched 
out  ( 70Z  in  the  curled-up  position),  whereas  the  RFR  group  spent  about 
83Z  and  75Z  stretched  out  at  these  times. 

In  discussing  the  results,  the  authors,  noting  that  the  SAR  was  about 
82Z  of  the  rat's  basal  metabolic  rate,  suggested  that  the  reduction  in 
food  intake  and  activity  but  not  of  saccharin  solution  by  the  RFR  group 
may  have  been  independent  responses  toward  coping  with  the  thermal  load 
induced  by  the  RFR.  Regarding  the  blood-glucose  decrease,  however,  they 
stated:  "It  would  be  too  hasty  to  similarly  attribute  the  effect  as  a 
caloric  (energy)  trade-off  induced  by  the  heating  effects  of  microwaves, 
or  as  a  consequence  of  the  microwave-induced  reduction  in  eating." 

They  also  concluded  that:  "the  reduction  is  probably  not  a  metabolic 
consequence  of  some  other  microwave- induced  bio-effect,  e.g.,  pituitary- 
adrenal  stress  response.  Indeed,  we  found  no  differences  in  either 
basal  or  ether-stress-induced  corticosterone  levels  for  the  two  groups 
of  rats.  In  point  of  fact,  the  corticosterone  data  are  quite  consistent 
with  our  interpretations  of  the  food  intake  and  general  activity 
reductions--namely,  that  the  animal  is  changing  its  behavior  to  cope 
with  the  thermal  loading  brought  about  by  microwave  exposure,  and  that 
this  behavioral  coping  is  sufficient  to  preclude  the  development  of  a 
hyperthermic  stress  response.  Regardless  of  the  eventual  accuracy  of 
this  interpretation,  we  are  not  convinced,  at  this  time,  that  the 
chronic  drop  in  blood  glucose  levels  is  attributable  to  the  direct 
heating  effects  of  exposure  to  microwave  radiation." 

Monahan  and  Ho  (1976)  endeavored  to  determine  whether  mice  would  try 
to  orient  themselves  to  minimize  their  absorption  of  CW  RFR  under  expo- 


sure  conditions  that  did  not  permit  them  to  escape.  In  one  experiment, 
CF1  male  mice  (30-34  g)  were  exposed  singly  for  15  min  in  a  holder  that 
permitted  relatively  free  movement  within  a  waveguide  system  (Ho  et  al . , 
1973)  to  2.45-GHz  CW  RFR  at  forward  powers  of  0.4,  0.8,  1.6,  2.4,  3.2, 
4.0,  and  4.8  V  (10  mice  per  level)  in  an  ambient  temperature  held  at  24 
+  /-  0.5  deg  C.  Mean  SAR  and  percentage  of  forward  power  absorbed  were 
measured  at  5-min  intervals,  and  rectal  temperature  was  measured  right 
after  exposure.  A  second  experiment  was  similar  except  that  two  mice 
per  level  were  used,  exposures  were  limited  to  10  min,  and  absorptions 
were  sampled  and  recorded  at  12-second  intervals.  The  results  at  each 
level  for  the  two  experiments  were  presented  as  averages  over  the  time 
intervals  0-5,  5-10,  and  10-15  min.  Visual  observations  of  the  mice 
were  not  possible  during  either  experiment. 

In  the  first  experiment,  no  significant  changes  in  percentage  of  power 
absorbed  or  SAR  were  observed  during  the  15  min  at  mean  forward  powers 
of  0.43  and  0.85  W;  mean  SARs  at  these  levels  were  7.8  and  15.4  W/kg. 

At  1.66  W,  however,  the  absorption  percentage  declined  from  55. 2X  for 
the  first  5  min  to  48. 2X  during  the  second  5  min  and  to  47. 4X  during  the 
last  5  min;  the  respective  SARs  were  28.4,  25.0,  and  24.4  W/kg.  Thus, 
the  largest  changes  occurred  after  5  min  of  exposure.  At  the  higher 
power  levels,  even  larger  decreases  were  observed.  Rectal  temperatures 
were  highly  variable,  a  finding  ascribed  to  the  naivety  of  the  mice,  but 
no  consistent  increase  was  observed  at  less  than  4  W,  at  which  the  mean 
increase  was  0.4  deg  C. 

At  0.4  W  in  the  second  experiment,  measurements  at  12-second  intervals 
indicated  that  the  mice  were  moving  essentially  randomly  within  the 
holder,  with  no  significant  decrease  in  percentage  absorption  or  SAR 
over  the  10  rain.  The  respective  means  were  53. 9X  and  15.0  W/kg.  At  2.4 
W,  however,  representative  results  showed  a  decrease  in  absorption  from 
about  65X  to  46X  within  3.5  min  and  fluctuations  around  this  value  for 
the  remaining  6.5  min  of  exposure.  The  mean  percentage  absorption  and 
SAR  for  the  10  min  were  46 . 2X  and  44.0  W/kg.  The  results  at  4  W  were 
more  dramatic;  the  percentage  absorption  dropped  from  about  65X  to  about 
30X  during  the  first  1.5  min  and  remained  well  below  40X  during  the  rest 
of  the  exposure.  The  mean  percentage  absorption  and  SAR  for  the  10  rain 
were  40. 6X  and  35.1  W/kg. 

The  results  of  both  experiments  clearly  demonstrated  that  the  mice  did 
orient  themselves  to  reduce  their  percentages  of  RFR  energy  absorbed  and 
SARs  when  the  forward  power  was  about  1.7  W  (initial  SAR  about  28  W/kg) 
or  higher  at  an  ambient  temperature  held  at  24  deg  C. 

In  a  subsequent  study,  Monahan  and  Ho  (1977)  exposed  17  groups  of  6 
CF1  male  mice  each  for  20  min  at  various  forward  powers  and  temperatures 
in  the  waveguide  exposure  system,  with  the  relative  humidity  maintained 
at  50  +/-  1.5X.  At  each  power  level  and  temperature,  the  SARs  (calcu¬ 
lated  from  the  net  energy  absorption  rate  by  each  mouse  and  its  mass) 
were  averaged  over  the  entire  20-rain  exposure  period  and  over  each  suc¬ 
cessive  5-min  interval  thereof,  and  the  latter  were  expressed  as  per¬ 
centages  of  forward  power  absorbed. 
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First,  groups  were  exposed  at  20  deg  C,  one  at  a  forward  power  of  1.62 
W,  another  at  2.31  W,  a  third  at  3.28  W,  and  a  fourth  at  3.84  W.  The 
corresponding  mean  SARs  for  the  entire  20-min  exposure  period  were  30.7, 
43.6,  56.3,  and  63.8  W/kg,  respectively.  At  1.62  W  (30.7  W/kg),  the 
percentages  of  incident  power  absorbed  at  successive  5-min  intervals  did 
not  differ  significantly  from  one  another,  and  no  downward  (or  upward) 
trend  with  time  was  observed.  At  2.31  W  (43.6  W/kg),  the  differences  in 
absorption  percentages  between  successive  5-min  intervals  did  not  differ 
significantly,  but  a  highly  significant  (p<0.001)  downward  trend  with 
time  was  evident;  absorption  had  decreased  from  about  61X  during  the 
first  5  min  to  about  52X  during  the  last  5  min.  At  3.28  W  (56.3  W/kg), 
the  percentages  for  successive  intervals  were  57,  44,  50,  and  44;  the 
sequential  differences  were  significant  but  no  trend  was  discernible. 

At  3.84  W  (63.8  W/kg),  the  successive  percentages  were  53,  39,  38,  and 
37,  with  only  the  first  drop  significant. 

Next,  one  group  each  was  exposed  at  24  deg  C  to  a  forward  power  of 
1.12,  1.70,  2.39,  or  3.11  W,  corresponding  to  mean  SARs  of  20.6,  30.1, 
43.5,  and  51.3  W/kg.  Significant  downward  trends  in  power  absorption 
were  evident  for  all  but  the  lowest  power  level.  One  group  each  was 
exposed  at  30  deg  C  to  0.415,  0.736,  1.62,  or  2.45  W,  yielding  mean  SARs 
of  7.3,  12.7,  25.8,  and  40.2  W/kg.  Downward  trends  in  power  absorption 
were  significant  at  all  four  power  levels.  At  all  levels  but  the  lowest 
(0.415  W,  7.3  W/kg),  the  largest  drop  occurred  between  the  first  and 
second  5-rain  intervals.  One  each  of  the  last  five  groups  was  exposed  at 
35  deg  C  to  0.004,  0.035,  0.075,  0.21,  or  0.4  W,  yielding  mean  SARs  of 
0.06,  0.6,  1.2,  3.7,  and  6.7  W/kg.  Downward  trends  were  obtained  at  all 
levels,  with  the  drops  significant  at  0.035  W  (0.6  W/kg)  and  higher. 

Several  mice  of  the  last  five  groups  were  similarly  exposed  at  35  deg 
C,  but  with  no  flow  of  air,  to  ascertain  whether  they  had  been  orienting 
themselves  so  as  to  minimize  the  flow  of  the  hot  air  rather  than  their 
SARs.  The  results  for  0.6  W/kg  were  about  561  and  57X  absorption  during 
the  first  and  second  5-rain  intervals  (a  nonsignificant  change),  and  49X 
and  38Z  respectively  during  the  last  two  5-rain  intervals.  By  contrast, 
the  corresponding  results  at  this  ambient  temperature  and  SAR  but  with 
air  flowing  were  about  51X,  43X,  41X,  and  39X.  The  authors  concluded 
that  the  use  of  air  flow  did  affect  percentage  of  absorption  initially 
but  not  after  the  mice  had  reoriented  to  minimize  their  SARs. 

In  summary,  Monahan  and  Ho  (1977)  found  that  the  lowest  (threshold) 

RFR  level  at  which  the  mouse  significantly  altered  its  SAR  at  24  deg  C 
was  about  2.4  W  (43.5  W/kg),  corresponding  to  about  40  raW/sq  cm 
(estimated  by  dividing  the  forward  power  by  the  cross  section  of  the 
waveguide,  about  60  sq  cm);  at  30  deg  C,  the  threshold  values  were  1.62 
W  (25.8  W/kg)  and  27  mW/sq  cm;  and  at  35  deg  C,  they  were  0.035  W  (0.6 
W/kg)  and  0.6  raW/sq  cm. 

Gage  et  al.  (1979a)  also  investigated  whether  animals  would  reorient 
themselves  to  minimize  absorption  of  RFR.  They  exposed  6  CD  male  rats 
(260-360  g)  individually  in  either  a  ventilated  Plexiglas  cylindrical 
container  or  a  Styrofoam  cuboid  container,  and  6  CD1  male  mice  (25-33  g) 


in  the  latter  container  for  1  hr  from  above  to  far-field  2.45-GHz  CW  RFR 
at  15  mW/sq  cm  within  an  anechoic  chamber  illuminated  with  incandescent 
light  and  maintained  at  22  or  28  deg  C  and  50Z  relative  humidity.  By 
twin-well  calorimetry,  the  ranges  of  SARs  for  the  rats  were  2. 1-2.6  W/kg 
and  3. 2-3. 6  W/kg  respectively  in  the  cylindrical  and  cuboid  containers, 
and  6.5-11.1  W/kg  for  the  mice  in  the  cuboid  container.  Each  animal  was 
studied  for  2  hr,  during  which  its  behavior  was  videotaped  every  30 
seconds  for  2-3  seconds.  The  animals  were  exposed  to  RFR  only  during 
the  second  hour  of  the  session. 

The  videotaped  records  were  scored  by  noting  the  numbers  of  times  each 
animal  assumed  positions  in  which  its  long  axis  was  parallel  to  the 
electric  (E)  vector,  parallel  to  the  magnetic  (H)  vector,  and  other 
orientations  during  the  2-3-second  sampling  periods.  These  numbers  were 
summed  over  each  of  the  eight  15-min  periods  (30  samples  per  period)  of 
its  2-hr  session. 

Observations  of  the  rats  at  ambient  temperature  22  deg  C  showed  that 
after  exploratory  activity  during  the  first  15  min,  they  generally 
became  less  active  and  usually  adopted  curled  positions  that  were  not 
preferentially  oriented  relative  to  either  the  E-  or  H-vector,  and  they 
appeared  to  be  sleeping  in  such  curled  positions.  Turning-on  the  RFR 
during  the  second  hour  did  not  alter  their  behavior  significantly.  The 
sums  of  occurrences  of  each  orientation  during  each  15-min  period  were 
averaged  for  the  6  rats.  In  the  cylindrical  container,  the  mean  values 
for  the  E-  and  H  orientations  ranged  from  1  to  6  occurrences  per  period, 
with  no  statistically  significant  differences  between  these  orientations 
or  for  RFR  vs  no  RFR.  By  contrast,  the  mean  numbers  of  o.jurrences  of 
orientations  in  the  "other"  category  ranged  from  19  to  2 f.- ,  but  again  no 
significant  RFR-induced  differences.  Comparable  results  were  obtained 
for  the  rats  in  the  cuboid  container.  At  28  deg  C,  the  rats  frequently 
stretched  out  on  their  backs  during  RFR  exposure,  but  again  with  no 
preference  for  the  E-  or  H  orientation. 

The  results  for  the  6  mice  (studied  only  in  the  cuboid  container)  at 
22  deg  C  were  qualitatively  similar  to  those  for  the  rats.  The  mean 
number  of  occurrences  for  the  E  orientation  rose  about  linearly  from 
about  1  to  4  during  the  2-hr  session;  the  mean  for  the  H  orientation  was 
less  than  1  for  periods  1-5,  rose  to  4  for  period  6,  and  diminished  lin¬ 
early  to  0  during  periods  7-8.  For  the  "other"  category,  the  values  de¬ 
creased  from  29  to  27  for  periods  1-5,  dropped  to  22  for  period  6,  and 
rose  to  25  for  periods  7-8,  nonsignificant  changes.  Raising  the  temper¬ 
ature  to  28  deg  C  rendered  the  mice  more  active,  and  their  means  for 
both  the  E-  and  H  orientations  rose  sharply  during  periods  3-6  from  less 
than  3  to  the  range  8-12  while  the  mean  for  the  "other"  category  dropped 
from  30  to  within  the  8-12  range.  Analysis  of  variance  showed  that  al¬ 
though  the  presence  of  the  RFR  produced  larger  numbers  of  E-  and  H 
orientations,  the  differences  between  these  two  orientations  were  not 
significant . 

Based  on  the  results,  the  authors  suggested  that  perhaps  rodents  do 
not  sense  or  respond  differentially  to  2.45-GHz  CW  RFR  at  15  mW/sq  cm 
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(2. 1-3.6  W/kg  for  rats,  6.5-11.1  W/kg  for  mice)  during  the  first  hour  of 
exposure.  Not  stated  were  angular  limits  within  which  the  animals  were 
considered  to  have  taken  the  E-  or  H  orientation;  actual  counts  for  each 
such  orientation  would  depend  on  the  size  of  the  angular  sectors;  more 
importantly,  the  size  would  determine  the  ratios  of  counts  in  these  two 
orientations  to  those  in  the  "other"  orientation  category.  Also  not 
discussed  was  the  rationale  for  sampling  the  behavior  of  the  rodents  for 
only  2-3  seconds  of  every  30-second  interval  in  the  2-hr  sessions,  and 
how  representative  were  such  samples.  These  comments  are  directed  more 
toward  the  quantitative  aspects  rather  than  the  qualitative  findings. 

The  finding  that  the  mice  did  not  endeavor  to  reduce  their  whole-body 
SARs  by  appropriate  orientation  appears  to  be  at  variance  with  the 
results  of  Monahan  and  Ho  (1976,  1977).  However,  unlike  the  far  field 
used  by  Gage  et  al.  (1979a),  the  field  within  the  waveguide  was  neither 
transverse-electromagnetic  nor  uniform  over  the  waveguide  cross-section. 
Also,  the  propagation  direction  in  the  latter  system  was  parallel  rather 
than  transverse  to  the  long  axis  of  the  mouse.  Thus,  whole-body  SAR  may 
be  more  sensitive  to  orientation  in  a  waveguide  than  under  far-field 
conditions.  Moreover,  the  internal  distribution  of  local  SAR  may  have 
differed  significantly  for  the  two  exposure  methods.  For  these  reasons, 
the  validity  of  such  comparisons  of  findings  is  open  to  question. 

Monahan  and  Henton  (1977a)  used  another  approach  to  determining 
whether  mice  avoided  RFR.  They  exposed  five  CF1  male  mice  individually 
to  2.45-GHz  CW  RFR  at  46  W/kg  (about  45  mW/sq  cm)  within  a  waveguide 
system  held  at  24  deg  C  and  40-50X  relative  humidity.  Three  mice  were 
sham-exposed.  Each  mouse  was  in  a  ventilated  opaque  Plexiglas  container 
large  enough  to  permit  free  movement.  A  light  beam  was  shone,  through  a 
set  of  aligned  holes  appropriately  located  in  the  side  walls  of  the 
waveguide  and  mouse  container,  to  a  photosensor;  beam  interruption 
constituted  the  basic  response  of  the  mouse.  Paired  with  the  RFR  (or 
sham-exposure)  was  a  2900-Hz  tone. 

Behavioral  sessions  were  for  30  rain.  The  procedure  was  to  turn  on  the 
RFR  and  tone  or  sham-RFR  and  tone  12  seconds  after  the  beginning  of  a 
session.  The  stimuli  remained  on  as  long  as  no  response  was  made.  Once 
on,  a  beam- interrupt  ion  response  by  the  mouse  terminated  the  stimuli, 
which  then  remaine'  off  for  12  seconds  in  the  absence  of  another  beam 
interruption  during  the  period.  Such  behavior  was  characterized  as  an 
escape  response.  If  the  mouse  interrupted  the  beam  again  during  the  12- 
second  absence  of  stimuli,  each  such  response  would  delay  the  onset  of 
stimuli  for  12  seconds.  Such  double  responses  were  characterized  as 
avoidance  behavior. 

The  escape  responses  of  each  mouse  exposed  to  the  RFR,  averaged  over 
eight  sessions,  yielded  mean  cumulative  exposures  (total  durations  of 
RFR  and  tone)  that  ranged  between  11  and  17  seconds  per  session,  with 
relatively  small  standard  deviations  (about  3  seconds).  Whenever  the 
RFR  was  turned  on,  these  mice  terminated  the  RFR  by  a  response  within  20 
seconds.  By  contrast,  the  mean  cumulative  exposures  (durations  of  tone) 
for  the  sham-exposed  mice  were  much  larger  and  differed  greatly  from  one 


another  (36,  136,  and  342  seconds).  Thus,  the  mice  exposed  to  the  RFR 
(in  the  presence  of  the  tone)  were  responding  so  as  to  minimize  their 
cumulative  exposure  times  per  session,  which  were  significantly  smaller 
than  for  the  sham-exposed  mice. 

The  authors  displayed  the  mean  percentages  of  escape  responses  by  RFR- 
exposed  mice  1-5  and  the  mean  number  of  avoidance  responses  per  escape 
response  of  each.  Mouse  3  exhibited  nearly  302  escape  responses  and 
only  2  avoidance  responses  per  escape  response,  so  its  behavior  was 
categorized  as  primarily  "escape."  Mice  4  and  5  showed  less  than  10Z 
escape  responses,  but  18  and  13  avoidance  responses  per  escape  response, 
respectively,  so  their  behavior  was  classified  as  primarily  "avoidance." 
The  escape  responses  of  mice  1  and  2  were  about  15Z  of  their  total 
responses  and  they  performed  about  6  avoidance  responses  per  escape 
response,  so  their  behavior  was  categorized  as  "mixed."  Corresponding 
data  for  sham-exposed  mice  6-8  were  not  presented,  presumably  because 
their  total  response  rates  were  too  low  and  inconsistent. 

The  authors  concluded  that  RFR  can  be  an  aversive  stimulus.  However, 
characterizing  the  behavior  of  the  mice  as  "escape,"  "avoidance,"  or 
"mixed"  is  difficult  to  interpret,  especially  since  so  few  mice  were 
used.  The  authors  did  state  that  each  mouse  maintained  rather  than 
altered  its  response  pattern,  but  that  the  determinants  governing  the 
individual  patterns  were  dependent  on  the  available  contingencies  and 
not  on  the  RFR  itself. 

In  still  another  approach,  Monahan  and  Henton  (1977b)  exposed  three 
groups  of  eight  Sprague-Dawley  male  rats  individually  to  915-MHz  CW  RFR, 
each  rat  restrained  in  a  ventilated  Plexiglas  holder  within  a  waveguide 
system.  The  rats  were  housed  in  their  home  cages  with  food  available 
freely.  Water  was  provided  for  15  min/day  except  on  exposure  days,  when 
a  10Z  (by  weight)  sucrose  solution  was  substituted.  At  end  of  sucrose 
presentation,  each  rat  was  exposed  for  15  rain  and  immediately  returned 
to  its  home  cage.  After  24  hr,  each  rat  was  given  a  1-bottle  preference 
test  for  15  rain,  and  the  amount  of  sucrose  consumed  was  compared  with 
the  quantity  of  liquid  consumed  on  the  previous  day. 

One  group  was  exposed  at  a  forward  power  of  5.0  W,  another  at  9.1  W, 
and  the  third  at  19.0  W.  Air  at  38  1/rain  was  forced  through  the  wave¬ 
guide.  The  temperature  of  the  exhaust  air  ranged  from  23  to  26  deg  C, 
and  the  relative  humidity  was  40-50Z.  A  fourth  group  was  sham-exposed. 

SARs  were  determined  for  the  entire  15-rain  exposure  period  and  for  the 
three  successive  5-rain  intervals  thereof,  and  the  latter  were  expressed 
as  percentages  of  the  incident  (forward)  power  absorbed.  The  results  at 
5.0  W  were  7.1  W/kg  for  each  5-rain  interval  and  for  the  entire  period, 
i.e.,  the  SARs  (about  50Z  of  the  forward  power  absorbed)  did  not  vary 
with  time  at  this  RFR  level.  At  9.1  W,  the  SARs  for  the  successive  5- 
rain  intervals  were  10.5,  9.5,  and  8.7  W/kg,  with  a  mean  of  9.6  W/kg  for 
the  entire  period.  These  values  corresponded  to  about  49Z,  44Z,  and  41Z 
of  the  forward  power.  At  19.0  W,  the  corresponding  values  were  18.5, 
16.9,  and  16.5  W/kg  (57Z,  53Z,  and  52Z  of  the  forward  power),  with  a 
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mean  of  17.3  W/kg.  The  power  densities  at  5.0,  9.1,  and  19.0  W  (mean 
SARs  of  7.1,  9.6,  and  17.3  W/kg)  were  estimated  to  be  16.3,  29.6,  and 
61.8  mW/sq  cm. 

The  largest  SAR  changes  at  9.1  W  and  19.0  W  occurred  during  the  second 
5-min  interval.  As  indicated  by  the  authors,  these  time-dependent  SAR 
reductions  in  rats  were  consonant  with  similar  results  in  mice  exposed 
to  2.45-GHz  RFR  (Monahan  and  Ho,  1976)  and  with  the  dependence  of  the 
effect  on  the  ambient  temperature  (Monahan  and  Ho,  1977).  Absence  of 
the  effect  at  7.1  W/kg  may  indicate  a  threshold  SAR  between  7.1  and  9.6 
W/kg  or  a  power-density  threshold  between  16  and  30  mW/sq  cm. 

Mean  sucrose  consumption  24  hr  after  exposure  at  0  W  (sham),  5.0  W 
(7.1  W/kg,  16  mW/sq  cm),  or  19.0  W  (17.3  W/kg,  61.8  mW/sq  cm)  was 
slightly  higher  than  for  the  previous  day  in  each  case,  and  at  9.1  W 
(9.6  W/kg,  29.6  mW/sq  cm)  was  slightly  lower  than  for  the  previous  day, 
but  none  of  the  differences  was  significant.  Thus,  the  results  yielded 
no  evidence  of  conditioned  aversion  to  sucrose  engendered  by  RFR 
exposure . 

Carroll  et  al.  (1980)  studied  whether  20  mature  female  Long-Evans  rats 
would  try  to  escape  from  a  region,  within  a  multimode  cavity,  of  intense 
(60  W/kg)  918-MHz  RFR  to  a  region  of  lower  intensity  (40,  30,  20,  or  2 
W/kg)  by  performing  a  simple  locomotor  response.  The  cavity  was  mode- 
stirred,  producing  amplitude  modulation  at  3  Hz  with  a  peak-to-average 
power  ratio  of  about  5.  The  ambient  temperature  and  relative  humidity 
were  21.1  deg  C  and  53%.  Air  flow  through  the  cavity  was  at  a  rate  of 
0.1  m/second.  The  authors  used  faradic  shock  on  10  other  rats  within 
the  unpowered  cavity  as  an  alternative  agent  (positive  control). 

For  the  studies  on  escape  from  RFR,  the  cavity  was  equipped  with  a 
false  floor  of  white,  opaque  Plexiglas  on  which  the  boundary  of  a 
rectangular  "safer"  region  about  25%  of  the  total  floor  area  was  marked 
with  black  tape.  Movement  from  the  unsafe  to  the  safer  area  was  the 
simple  escape  response  required.  The  safer  area  was  not  a  region  of 
intrinsically  lower  intensity  relative  to  the  unsafe  area,  but  was 
rendered  safer  by  the  experimenters  who  reduced  the  input  RFR  power  to 
the  cavity  by  a  predetermined  percentage  each  time  a  rat  entered  that 
area.  Recrossing  by  a  rat  to  the  unsafe  area  triggered  restoration  of 
the  initial  power  to  the  cavity.  A  crossing  in  either  direction  was 
defined  as  when  half  the  body  traversed  the  boundary. 

A  false  floor  with  a  similarly  marked  boundary  and  with  22  parallel, 
equidistant  5-ram  stripes  of  conductive  silver  painted  on  the  "unsafe" 
area  was  used  for  the  f aradic-shock  studies;  alternate  stripes  were 
connected  to  form  2  poles,  to  which  the  shock  source  was  fed. 

Whole-body  SARs  were  determined  calor imetrical ly  with  saline  solution 
in  foamed  polystyrene  vessels  exposed  at  the  center  of  the  unsafe  area, 
and  by  measuring  colonic  temperature  increases  in  similarly  exposed  live 
rats  previously  rendered  hypothermic  by  i.p.  injection  of  cortisone  or 
pentobarbital . 
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In  a  pilot  study  on  dose  lethality,  rats  were  exposed  for  a  succession 
of  five  2-rain  periods  timed  2-rain  apart,  one  rat  at  50  W/kg,  three  at  60 
W/kg,  one  at  75  W/kg,  and  one  at  120  W/kg.  The  latter  two  rats  expired. 
The  four  rats  exposed  at  60  W/kg  or  lower  exhibited  symptoms  of  severe 
hyperthermia  but  survived  because  of  the  cooling  between  exposures.  For 
the  three  rats  exposed  at  60  W/kg,  mean  colonic  temperature  increase  at 
the  end  of  the  five  exposures  was  3.5  deg  C.  Based  on  this  pilot  study, 
60  W/kg  was  adopted  as  the  maximum  SAR.  The  exposure  regimen  used  in 
the  formal  studies  consisted  of  alternating  2-min  exposures  and  respites 
for  a  total  session  time  of  22  min  per  day  for  6  days. 

The  first  formal  experiment  was  done  in  3  consecutive  phases  of  6  days 
each  at  40-hr  intervals.  In  the  first  phase  (involving  10  rats),  each 
crossing  of  a  rat  to  the  safer  area  during  each  2-min  exposure  resulted 
in  a  SAR  reduction  from  60  to  40  W/kg,  with  restoration  of  60  W/kg  for 
each  reverse  crossing  and  at  the  start  of  each  period.  In  the  second 
phase,  the  reduction  was  to  30  W/kg  for  5  of  the  rats  and  to  20  W/kg  for 
the  other  5  rats.  For  the  third  phase  (all  10  rats),  the  reduction  was 
to  2  W/kg. 

For  each  rat,  the  numbers  of  entries  into  the  safer  area  during  the 
periods  of  exposure  and  nonexposure  and  the  times  spent  there  were 
recorded  independently  by  two  observers.  To  obtain  preexposure  and 
postexposure  baseline  data,  sham  exposures  were  performed  during  the 
first  daily  session  of  each  phase  and  during  an  additional  session  40  hr 
after  completion  of  the  3  phases. 

The  numbers  of  entries  per  session  by  each  rat  into  the  safer  area 
were  measures  of  locomotor  activity  rather  than  of  escape  learning.  For 
the  periods  of  RFR  exposure,  the  mean  number  of  entries  and  SE  by  all  10 
rats  in  all  3  phases  of  experiment  1  was  7.9  +/-  0.7  per  session  or  an 
average  of  about  1.6  times  per  rat  per  2-rain  exposure,  for  a  grand  mean 
of  119  entries  per  rat  during  the  75  periods  of  RFR  exposure.  For  the 
2-min  nonexposure  periods,  the  corresponding  values  were  5.6  +/-  0.4  per 
session,  0.93  times  per  period,  and  a  grand  mean  of  70  entries  per  rat. 
The  differences  were  significant  (p<0.05),  indicating  greater  activity 
during  RFR  exposure.  During  the  exposure  periods,  the  animals  exhibited 
hyperthermic  behavior  similar  to  that  seen  in  the  pilot  study,  i.e., 
initial  hyperactive  locomotion  followed  by  salivary  grooming  and  usually 
by  immobilization  and  collapse.  In  general,  complete  recovery  occurred 
within  30-60  seconds  of  the  next  nonexposure  period. 

For  the  nonexposure  intervals,  there  were  no  statistically  significant 
intraphase  or  interphase  differences  in  mean  entries;  the  means  were 
comparable  to  baseline  values.  For  the  RFR-exposure  intervals,  there 
were  no  significant  intraphase  differences  in  activity,  but  the  mean 
phase  activity  diminished  significantly  with  successive  phases. 

Despite  the  significantly  higher  levels  of  activity  during  RFR 
exposure,  the  mean  times  spent  in  the  safer  area  during  the  periods  of 
exposure  and  nonexposure  did  not  differ  significantly  from  baseline 
values  or  from  each  other  either  intraphase  or  interphase.  Irrespective 


of  the  experimental  conditions,  the  rats  spent  only  about  101  of  the 
session  times  in  the  safer  area,  and  specifically,  the  absence  of  an 
interphase  effect  indicated  that  the  level  of  RFR  in  the  safer  area 
(obtained  by  the  respective  percentages  of  SAR  reduction  from  60  W/kg) 
was  not  a  significant  factor. 

In  the  second  formal  experiment,  10  of  20  naive  rats  were  treated  in  a 
manner  similar  to  that  used  for  phase  3,  i.e.,  each  crossing  into  the 
safer  area  during  exposure  produced  reduction  of  the  SAR  from  60  to  2 
W/kg.  The  other  10  rats  were  similarly  scheduled,  but  faradic  shock 
(about  800  microamperes)  was  given  instead  of  RFR,  and  each  crossing  to 
the  safer  area  while  the  source  was  activated  produced  reduction  of  the 
intensity  to  zero.  Six  daily  sessions  of  22  min  each  were  performed,  of 
which  the  first  day  was  for  acquiring  baseline  data. 

The  mean  number  of  entries  per  session  into  the  safer  area  by  the  RFR- 
exposed  rats  during  the  exposure  periods  (3.3  +/-  0.7)  was  significantly 
lower  (p<0.05)  than  for  the  rats  during  phase  3  of  experiment  1.  Also, 
the  mean  percentages  of  time  spent  in  the  safer  area  by  the  RFR-exposed 
rats  (about  5X  both  during  and  between  exposure  periods  of  each  daily 
session)  were  smaller  than  the  baseline  mean  (about  10X  for  all  20 
rats),  with  a  trend  toward  diminution  in  successive  sessions. 

By  contrast,  during  the  first  and  second  days  of  faradic  shock,  the 
rats  so  treated  occupied  the  safer  area  for  averages  of  89X  and  95X  of 
the  respective  source-on  periods,  and  most  of  the  time  spent  in  the 
unsafe  area  occurred  during  the  source-off  periods.  In  addition,  they 
probed  the  unsafe  area  frequently  during  the  first  day  and  quickly 
retreated  to  the  safer  area;  they  also  actively  resisted  placement 
within  the  cavity  on  the  second  day.  Because  of  these  decisive  results, 
the  remaining  shock  sessions  were  cancelled. 

Analysis  of  this  study  revealed  a  flaw  in  the  design  of  the  exposure 
apparatus.  The  unsafe  area  of  the  false  floor  used  for  the  faradic- 
shock  aspects  was  readily  distinguishable  visually  from  the  safer  area 
by  the  conductive  stripes,  which  may  have  provided  tactile  differences 
also.  The  safer  area  of  the  false  floor  used  for  the  RFR  aspects  of  the 
study,  however,  was  not  visually  distinguishable  from  the  unsafe  area; 
the  only  visual  cue  was  the  boundary  per  se.  Thus,  the  rats  exposed  to 
RFR  may  have  had  a  more  difficult  task  to  learn  than  those  given  faradic 
shock.  This  flaw  could  have  been  avoided  by  using,  on  the  unsafe  area 
of  the  RFR  floor,  nonconductive  stripes  of  reflective  characteristics 
and  texture  approximating  those  of  the  faradic  floor,  a  measure  taken  in 
a  subsequent  investigation  (Levinson  et  al.,  1982)  discussed  below. 

It  should  be  noted  also  that  although  the  safer  area  was  25X  of  the 
total  floor  area  in  each  case,  the  data  indicated  that  the  rats  actually 
spent  only  about  10X  of  the  time  there  during  baseline  sessions.  Was 
there  some  repelling  factor  associated  with  that  region  of  the  cavity? 

Despite  the  points  above,  the  finding  that  rats  do  not  learn  to  escape 
from  potentially  lethal  levels  of  RFR  appears  unequivocal.  The  results 


obtained  by  Levinson  et  al.  (1982)  support  this  finding. 

In  the  discussion  by  the  authors,  they  considered  the  argument  that 
the  use  of  the  alternating  2-rain  cycles  of  RFR  and  respite  might  confuse 
the  rats  and  preclude  learning.  Specifically,  during  respite  periods, 
the  paradigm  did  not  provide  for  escape  reinforcement  whenever  a  rat 
entered  the  safer  area  nor  was  punishment  administered  whenever  a  rat 
left  the  safer  area.  The  response  to  the  argument  was  that  the  periodic 
respites  might  retard  avoidance  learning,  but  that  escape  learning  is 
motivated  primarily  during  the  application  of  noxious  stimulation,  an 
argument  validated  by  their  results  with  faradic  shock. 

Another  point  considered  by  the  authors  was  their  use  of  faradic  shock 
as  a  positive  control  rather  than  infrared  radiation  (IR).  The  response 
to  this  point  was  that  the  rats  used  for  RFR  exposure  and  faradic  shock 
served  as  their  own  controls,  and  that  the  findings  with  the  two  forms 
of  stimulation  were  independent,  with  no  comparison  intended;  that  the 
primary  purpose  of  the  use  of  faradic  shock  was  to  demonstrate  that  a 
simple  escape  task  could  be  learned  rapidly. 

An  important  implication  of  the  findings  of  this  investigation  is  that 
humans  who  might  be  exposed  to  intense  levels  of  RFR  at  frequencies  that 
penetrate  deeply  may  not  sense  the  internal  heat  generated  in  time  to 
avoid  tissue  damage.  This  could  be  true  under  some  conditions.  It  is 
also  interesting  to  note  that  Justesen  et  al.  (1982)  reported  that  the 
power-density  threshold  for  detecting  2.45-GHz  RFR  in  the  human  forearm 
was  about  15  times  larger  than  for  IR. 

Levinson  et  al .  (1982)  similarly  studied  4  groups  of  4  rats  each.  One 
group,  designated  M,  was  exposed  to  the  RFR  (60  W/kg)  only;  the  second, 
designated  L,  was  stimulated  photically  (350  lx)  only;  the  third,  ML, 
was  concurrently  stimulated  with  the  RFR  and  photically;  and  the  last,  a 
positive-control  group  designated  S,  was  given  the  faradic  shock  only. 

As  in  Carroll  et  al.  (1980),  the  cavity  was  equipped  with  either  of 
two  false  floors  of  opaque  white  Plexiglas  on  which  the  boundary  of  a 
"safe"  region  about  252  of  the  total  floor  area  was  marked  with  black 
tape;  the  "unsafe"  area  of  the  floor  for  administering  faradic  shock  was 
painted  with  22  parallel  equidistant  stripes  of  conductive  silver,  and 
with  the  alternate  stripes  connected  to  form  2  poles,  to  which  the  shock 
source  was  fed.  However,  a  similar  grid  of  nonconduct ive  paint  was 
applied  to  the  unsafe  area  of  the  floor  used  in  the  RFR  sessions. 

A  thermally  sheltered  40-W  white  incandescent  lamp  placed  in  an  upper 
rear  corner  of  the  cavity  provided  continuous  illumination  except  when 
it  was  used  for  photic  cuing.  Two  40-W  red  incandescent  lamps  in  the 
top  wall  of  the  cavity  operated  continuously  permitted  observation  of 
animal  behavior  when  the  white  lamp  was  extinguished. 

Daily  sessions  of  22-min  duration  were  conducted  with  each  group  *  • 

consecutive  days.  Baseline  data  (without  stimulation)  were  obtained  • 
each  group  in  session  1,  during  which  the  number  of  entries  by  ea  *  •  • 
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into  the  safe  area  and  the  times  spent  therein  were  recorded.  The 
criterion  for  entry  into  either  area  was  traversal  of  the  boundary  by 
the  entire  head  of  the  rat.  Sessions  2-6  each  comprised  11  serially 
numbered  2-rain  periods,  with  the  respective  stimuli  available  during  the 
5  even-numbered  periods  only.  During  stimulation-availability  periods, 
the  rats  were  continuously  subjected  to  the  stimuli  except  when  they 
moved  into  the  safe  area.  Rectal  temperatures  were  taken  just  before 
the  start  of  session  6  and  immediately  after  completion  of  the  last 
stimulation  period. 

To  determine  whether  the  rats  did  have  adequate  opportunity  to  asso¬ 
ciate  entry  into  the  safe  area  with  cessation  of  stimulation,  the  num¬ 
bers  of  entries  by  each  rat  during  the  even  periods  of  each  session  (to¬ 
tal  time  10  min)  were  summed  and  the  daily  sums  were  averaged  by  group. 
The  mean  numbers  of  entries  for  session  1  (baseline)  were  about  4  for 
the  S  group,  6  each  for  the  M  and  L  groups,  and  8  for  the  ML  group.  No 
SEs  or  SDs  were  given,  but  the  authors  stated  that  by  analysis  of  var¬ 
iance,  the  differences  among  these  baseline  means  were  due  to  chance. 

The  S  group  showed  a  small  initial  rise  for  session  2;  for  sessions  3- 
6,  the  mean  number  of  entries  (during  the  10  min  of  stimulation) 
decreased  to  a  plateau  of  about  2  (half  its  baseline  value  4).  The  M 
group  showed  successive  rises  for  sessions  2  and  3,  after  which  the  mean 
for  sessions  4-6  diminished  to  a  plateau  comparable  to  its  baseline 
value.  Results  for  the  L  and  ML  groups  were  similar  to  those  for  the  M 
group,  but  with  plateaus  of  14  and  19,  higher  than  their  respective 
baseline  values. 

The  mean  times  spent  in  the  safe  area  by  each  group  during  the  entire 
22-rain  (1320-second)  session  of  each  day,  i.e.,  irrespective  of  presence 
or  absence  of  stimulation,  were  presented  in  Fig.  3  of  the  paper  (with 
SE  bars).  The  baseline  values  (session  1)  for  the  4  groups  were  all 
about  100  seconds  or  about  8Z  of  the  session  time.  For  the  L  group,  the 
mean  times  remained  at  baseline  for  sessions  2-6.  The  values  for  the  M 
group  also  remained  at  baseline  for  sessions  2  and  3,  but  rose  to  about 
300  seconds  (23Z  of  the  session  time)  for  sessions  4-6.  By  contrast, 
the  mean  times  for  the  ML  group  rose  linearly  for  sessions  2-3  to  a 
plateau  of  about  650  seconds  (49X)  for  sessions  4-6,  and  the  values  for 
the  S  group  rose  similarly  to  a  plateau  of  about  1200  seconds  (91X). 

The  mean  times  each  group  spent  in  the  safe  area  during  each  of  the 
five  2-rain  periods  of  stimulation  and  the  six  2-rain  periods  of  nonstim¬ 
ulation  each  session  were  presented  separately  in  Fig.  4.  Photic 
stimulation  only  (L  group)  produced  no  significant  differences  among 
mean  values  for  stimulation  and  nonstiraulation  periods  either  within 
each  session  or  for  all  6  sessions.  RFR  stimulation  only  (M  group) 
yielded  similar  results  for  sessions  1-3,  but  the  variations  among 
period  values  progressively  increased  for  sessions  4-6  with  no  clear 
differences  between  stimulation  and  nonstiraulation,  and  a  trend  toward 
longer  durations  in  the  safe  area  was  discernible,  to  a  mean  of  25X  per 
period  for  session  6  as  compared  with  8X  for  session  1. 


The  combination  of  photic  stimulation  and  RFR  (ML  group)  produced  no 
significant  differences  between  stimulation  and  nonstimulation  values, 
but  the  variations  among  period  values  were  much  larger,  as  was  the 
trend  toward  longer  durations  in  the  safe  area,  49X  for  session  6.  By 
contrast  with  the  other  three  groups,  the  f aradic-shock  (S)  group  spent 
about  75X  of  session  2  in  the  safe  area  (with  no  significant  difference 
between  mean  values  for  stimulation  and  nonstimulation).  In  addition, 
after  the  first  two  2-min  periods,  the  rats  spent  100%  of  the  remainders 
of  sessions  3-6  in  the  safe  area. 

The  results  of  the  rectal  temperature  measurements  in  session  6  showed 
significant  (p<0.05)  increases  for  the  M  and  S  groups  and  nonsignificant 
(p>0.05)  increases  and  decreases  for  the  L  group.  For  the  ML  group,  the 
difference  between  final  and  initial  temperatures  was  not  significant; 
however,  the  temperature  of  one  of  the  four  rats  was  initially  above 
normal  (40.6  deg  C),  presumably  from  excitation,  and  it  did  not  change. 
The  temperature  increases  of  the  other  three  rats  were  significant. 

In  this  study,  although  the  safe  area  of  each  false  floor  was  about 
25X  of  its  total  area,  Fig.  3  indicated  that  even  during  baseline 
sessions,  all  four  groups  spent  only  about  8X  of  the  session  time  there, 
which  again  suggests  the  possibility  of  some  repellent  factor  associated 
with  that  region  of  the  cavity  (or  conversely  an  attractive  factor  in 
the  unsafe  area).  If  so,  there  is  no  basis  for  assuming  that  such  a 
factor  would  bias  the  results  for  each  group  equivalently  so  as  to 
exclude  the  factor  from  consideration. 

On  the  basis  of  their  findings  with  rats,  Levinson  et  al.  (1982),  with 
due  regard  for  the  species  difference,  argued  against  the  conclusion  of 
Monahan  and  coworkers  that  mice  could  detect  2.45-GHz  RFR  and  endeavor 
to  ameliorate  their  exposure  by  reorienting  themselves  in  the  waveguide 
to  reduce  their  SARs.  One  point  supporting  this  argument  was  that  the 
SAR  reductions  were  only  about  30X,  or  too  small  to  discriminate  because 
of  thermal  inertia.  This  basis  appears  to  be  irrelevant  because  perhaps 
the  30X  represented  about  the  maximum  reduction  of  SAR  available  to  the 
mouse  rather  than  a  measure  of  its  detection  sensitivity.  The  other 
point  argued  was  that  the  detection  sensitivity  increased  (rather  than 
decreased)  with  increasing  ambient  temperature  in  the  waveguide,  citing 
a  reliable  SAR  decline  from  an  initial  value  of  only  0.06  W/kg  at  35  deg 
C.  [Note  that  Table  1  of  Monahan  and  Ho  (1977)  did  show  a  trend  toward 
SAR  decline  with  time  for  exposure  at  0.06  V/kg  but  that  those  results 
were  not  labeled  statistically  significant;  the  SAR  declines  at  0.6  W/kg 
and  higher  at  35  deg  C  were  significant.]  This  basis  appears  to  ignore 
the  lower  thresholds  for  loss  of  thermoregulation  at  higher  ambients. 

Levinson  et  al.  (1982)  suggested  that  the  SAR  declines  with  exposure 
time  observed  by  Monahan  and  coworkers  were  more  likely  due  to  heat 
prostration  of  the  mice,  resulting  in  lower  energy-absorption  profiles 
in  the  waveguide,  rather  than  to  behavioral  reorientations.  However, 
the  SAR  declines  with  time  were  gradual  rather  than  sudden.  (It  should 
be  noted  that  qualitatively  similar  SAR  reductions  were  obtained  in  rats 
by  Monahan  and  Henton,  1977b,  as  well  as  in  mice.)  There  appears  to  be 
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common  agreement,  however,  that  under  some  exposure  conditions,  intense 
levels  of  deeply  penetrating  RFR  may  not  be  sensed  in  time  to  avoid 
tissue  damage. 

Bermant  et  al.  (1979)  subjected  12  Sprague-Dawley  mature  female  rats 
to  classical  conditioning  in  which  the  conditional  stimulus  (CS)  was  a 
30-second  525-Hz  auditory  signal  presented  for  30  habituation  trials, 

200  conditioning  trials,  and  100  extinction  trials.  The  rats  were 
randomly  divided  into  four  treatment  groups.  For  any  treatment,  each 
rat  was  confined  in  a  restrainer  of  Lexan  mesh  and  placed  in  the  center 
of  a  Plexiglas  chamber  within  a  modified  microwave  cavity  (Justesen  et 
al.,  1971).  Colonic  temperature  was  measured  continuously  during 
treatment  with  a  thermocouple. 

The  control  group  was  given  only  the  CS  tone.  The  other  three  groups 
were  presented  an  unconditional  stimulus  (US)  during  the  conditioning 
phase,  with  the  CS  also  given  these  groups  starting  30  seconds  prior  to, 
and  continuing  to  the  end  of,  the  US.  For  one  of  these  three  groups, 
the  US  was  2  seconds  of  electric  shock  (60  Hz,  300  V  ms,  1  mA  maximum) 
to  the  tail;  for  another,  the  US  was  exposure  for  10  seconds  to  2.45-GHz 
RFR  at  420  W/kg;  the  US  for  the  third  group  was  exposure  to  the  RFR  for 
30  seconds  at  220  V/kg.  These  SARs  were  selected  to  produce  a  colonic- 
temperature  increase  (positive  delta-T)  of  1.5  deg  C  by  the  end  of  the 
respective  durations.  The  SARs  were  determined  calorimetrically  with 
cylindrical  water  models.  The  authors  noted  that  the  fit  between  delta- 
Ts  of  animals  and  water  models  was  excellent  for  10-second  but  not  30- 
second  exposures,  indicating  that  metabolic  contribution  to  the  delta-T 
for  the  latter  was  substantial. 

During  habituation,  each  rat  was  given  10  daily  sessions,  each  session 
consisting  of  three  30-second  presentations  of  the  tone  at  aperiodic 
intervals  of  20-25  min.  The  conditioning  phase  for  the  experimental 
groups  comprised  10  discrete  trials  in  which  the  pairings  of  CS  and  US 
occurred  during  each  of  10  sessions,  with  trials  spaced  aperiodically  at 
intervals  of  4-6  min.  Since  the  rats  of  the  three  experimental  groups 
exhibited  conditioning  before  the  tenth  session  of  CS-US  pairings,  the 
extinction  phase  for  all  four  groups  consisted  of  10  sessions  of  10 
trials  each  at  the  same  intervals,  in  which  only  the  CS  was  presented. 

Baseline  colonic  temperatures,  taken  for  each  rat  during  each  initial 
portion  before  presentation  of  the  CS,  were  averaged  for  each  session 
and  compared  with  the  mean  and  peak  temperatures  observed  during  each  CS 
presentation  for  that  session,  to  determine  whether  the  formation  of  a 
conditioned  response  (CR)  would  elicit  a  delta-T.  Of  800  trials  sampled 
from  sessions  8  through  17  of  the  conditioning  phase,  only  34  (about  4X) 
were  associated  with  positive  delta-Ts.  These  delta-Ts  were  scattered 
over  trials,  did  not  exceed  0.1  deg  C,  and  appeared  to  be  spurious. 

The  colonic  temperatures  for  the  three  experimental  groups  tended  to 
increase  over  the  course  of  the  200  conditioning  trials,  whereas  those 
for  the  control  group  tended  to  decline.  Least-squares  analyses  for 
linear  temperature  trends  indicated  that  the  slopes  for  the  four  groups 


differed  only  during  the  conditioning  phase.  In  Tukey  tests,  the 
positive  slopes  for  the  three  experimental  groups  did  not  differ  from 
one  another,  but  the  negative  slope  for  the  control  group  differed 
significantly  from  the  combined  slope  for  the  experimental  groups. 

The  authors  also  compared  mean  baseline  temperatures  (and  SEs)  of  each 
group  measured  just  before  the  first  and  last  trials  in  each  phase.  For 
the  control  group  in  the  conditioning  phase,  the  mean  temperature  change 
was  -0,47  deg  C;  the  changes  for  the  tail-shock,  30-second-RFR,  and  10- 
second-RFR  groups  were  respectively  0.37,  0.50,  and  0.70  deg  C,  the  last 
three  averaging  to  0.52  deg  C.  In  addition,  the  mean  temperature  of  the 
control  group  remained  stable  during  extinction,  but  the  corresponding 
temperatures  of  the  experimental  groups  did  not  decrease  reliably  during 
that  phase.  (The  authors  indicated  that  two  of  the  rats  had  died  from 
pathologically  verified  pulmonary  infections  before  completion  of  the 
study,  one  rat  each  from  the  30-second  and  10-second  RFR  groups,  during 
the  conditioning  and  extinction  phases,  respectively,  and  that  the  data 
for  these  rats  were  excluded). 

The  authors  considered  whether  the  statistically  discerned  generalized 
hyperthermic  results  for  the  experimental  groups  were  valid  CRs  elicited 
by  the  conditioning  milieu  or  were  equivocal.  To  resolve  the  validity 
question,  they  performed  several  ad  hoc  studies.  In  one  study,  two  ex¬ 
perienced  handlers  (not  previously  involved  in  the  formal  study),  one 
called  "Trainer"  and  the  other  "Stranger,"  removed  each  of  the  surviving 
rats  of  the  formal  study  from  its  home  cage  in  ignorance  of  its  previous 
treatment  and  inserted  a  thermometer  into  its  colon.  (Trainer  handled 
the  rats  after  the  formal  study  but  prior  to  this  ad  hoc  study.)  The 
digitally  displayed  temperatures,  not  visible  by  the  handlers,  were  read 
independently  by  two  other  individuals  who  were  also  ignorant  of  the 
rat's  treatment.  For  each  of  the  three  experimental  groups  and  to  a 
lesser  extent  for  the  control  group,  the  mean  colonic  temperature  of  the 
rats  when  handled  by  Trainer  was  significantly  higher  than  when  handled 
by  Stranger. 

To  verify  the  apparent  differences  in  results  from  the  two  handlers, 
three  each  of  the  RFR-exposed  and  sham-exposed  (tone-only)  rats  were 
randomly  selected  along  with  six  naive  cage  controls.  Trainer  and 
Stranger  measured  the  colonic  temperature  of  each  rat  in  the  vivarium 
once  a  day  for  five  days.  The  mean  temperatures  of  the  cage  controls 
were  virtually  the  same  for  the  two  handlers,  but  Trainer's  means  for 
the  RFR-  and  sham-exposed  rats  were  reliably  higher  than  those  found  by 
Stranger.  The  authors  drew  these  inferences:  (1)  handling  techniques  of 
Trainer  and  Stranger  did  not  differ;  (2)  Trainer  was  selectively  acting 
as  a  CS  with  respect  to  the  experimental  rats;  and  (3)  the  tone-only 
controls  also  exhibited  indications  of  conditioning.  The  authors  found 
in  another  experiment  with  these  12  rats  that  immobilizing  them  in  the 
restraining  apparatus  was  a  hyperthermal  trigger  that  produced  sharp 
increases  in  colonic  temperature.  In  view  of  these  non-RFR  influences, 
any  specific  effects  of  the  RFR  per  se  are  difficult  to  discern. 

Gage  (1979)  trained  each  of  12  Long-Evans  hooded  male  rats  on  a 
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random- interval  schedule  of  reinforcement  to  insert  its  head  into  a  cup 
for  food  pellets.  A  head-insertion  response  interrupted  an  infrared 
(IR)  beam,  permitting  recording  of  the  action.  After  the  rats  had 
achieved  stable  performances,  they  were  matched  and  distributed  into 
three  groups  of  four  each  by  response  rates. 

For  exposure,  each  group  was  housed  in  a  diamond  array  of  ventilated 
acrylic  boxes  in  a  controlled-environment  Styrofoam  chamber  maintained 
at  a  relative  humidity  of  50Z  within  a  larger  anechoic  chamber  (Elder 
and  All,  1975).  One  group  was  exposed  from  above  to  far-field  2.45-GHz 
CW  RFR  at  5  mW/sq  cm  for  15.5  hr  per  night  (1630  to  0800)  without  food 
and  water  available,  three  nights  each  at  ambient  temperatures  of  22  and 
28  deg  C  and  one  night  again  at  22  deg  C.  The  long  axes  of  the  boxes 
were  parallel  to  the  E-vector.  By  twin-well  calorimetry,  the  spatial 
mean  SAR  at  5  mW/sq  cm  was  1.0  W/kg,  with  a  range  0. 7-1.3  W/kg. 

The  exposures  were  spaced  at  six-night  intervals.  During  the  night 
preceding  each  RFR-exposure ,  the  group  was  sham-exposed  in  the  anechoic 
chamber;  during  the  four  nights  following  each  exposure  night,  the  group 
was  housed  in  acrylic  boxes  within  a  similar  Styrofoam  chamber  placed 
outside  the  anechoic  chamber,  but  which  shared  the  environment  of  the 
latter.  The  second  and  third  groups  were  respectively  exposed  at  10  and 
15  mW/sq  cm  (2.0  and  3.0  W/kg)  but  otherwise  similarly  treated. 

Behavioral  test  sessions,  each  lasting  30  min,  were  conducted  daily, 
starting  15  min  after  removal  from  the  treatment  chambers;  the  rats  were 
given  free  access  to  water  during  this  15-min  period.  Testing  was  done 
concurrently  in  four  boxes  equipped  with  pellet  dispensers  programmed  as 
follows.  An  electric  pulse  sent  at  10-second  intervals  to  a  gate  was 
passed  through  the  gate  with  a  25Z  probability,  and  every  second  pulse 
that  passed  through  the  gate  allowed  the  next  response  by  the  rat  in 
each  of  the  four  boxes  to  be  reinforced.  A  reinforcement  was  missed  if 
no  response  occurred  before  a  subsequent  opportunity  ftr  reinforcement 
was  programmed.  The  authors  stated  that  this  program  was  theoretically 
comparable  to  a  variable-interval  1.33  (VI-1 . 33-rain)  schedule,  i.e.,  a 
rat  could  obtain  a  reinforcer  on  the  average  of  every  1.33  min. 

After  initial  training,  control  performances  on  the  random- interval 
schedule  consisted  of  responses  at  linear  rates  that  ranged  among  the 
rats  from  about  0.25  to  more  than  2  responses  per  second.  Some  rats 
exhibited  distinct  short  pauses  following  reinforcement,  a  consequence 
of  the  relatively  long  minimal  time  (20  seconds)  between  reinforcements. 
Also,  several  rats  that  initially  exhibited  consistent  daily  performance 
rates  began  to  progressively  increase  their  rates  shortly  before  the 
start  of  the  treatment  sequence,  behavior  that  persisted  for  the  control 
sessions  during  the  sequence. 

Cumulative  records  following  exposure  to  the  three  levels  of  RFR  at  22 
deg  C  or  to  5  raW/sq  cm  (1.0  W/kg)  at  28  deg  C  yielded  few  changes  from 
corresponding  control  performances.  The  records  following  exposure  to 
10  or  15  mW/sq  cm  (2.0  or  3.0  W/kg)  at  28  deg  C,  however,  showed  marked 
reductions  in  response  rate,  more  frequent  long  pauses  between  bursts  of 
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responding,  and  decreased  numbers  o£  reinforcers  received. 

Two  of  the  four  rats  exposed  to  15  mW/sq  cm  (3.0  W/kg)  at  28  deg  C 
died  during  exposure  and  were  replaced  with  two  others  for  the  remainder 
of  the  sequence.  The  response  rates  of  the  replacement  rats  after 
exposure  to  these  conditions  were  also  below  control  values. 

The  rectal  temperature  of  one  rat  of  each  group  was  measured  in  the 
afternoon,  before  the  rat  was  placed  in  its  box  and  again  on  the  next 
morning  immediately  after  removal  from  the  treatment  chamber.  Overnight 
decreases  of  about  1  deg  C  were  obtained  for  the  rats  sham-exposed  at 
either  ambient  temperature.  Comparable  overnight  decreases  were  also 
observed  for  other  rats  kept  in  their  home  cages.  The  decreases  for 
those  exposed  to  5  mW/sq  cm  were  smaller,  0.6  and  0.7  deg  C  respectively 
at  22  and  28  deg  C.  Exposure  to  10  mW/sq  cm  at  22  and  28  deg  C  yielded 
respectively  a  0.3-deg-C  decrease  and  a  0.2-deg-C  increase.  For  15 
mW/sq  cm,  the  respective  values  were  a  0.3-deg-C  decrease  and  a  0.9-deg- 
C  increase. 

The  author  noted  that  "...there  were  occasions  when  rectal  temperature 
changed  but  behavior  did  not,  and  also  occasions  when  behavior  changed 
but  mean  rectal  temperature  did  not.  A  hypothesis  that  the  behavioral 
effects  are  solely  due  to  increments  of  rectal  temperature  is  difficult 
to  support."  However,  the  small  number  of  rats  in  each  group  and  the 
large  differences  in  response  rates  among  them  for  control  sessions 
renders  it  difficult  to  ascribe  statistical  validity  to  the  findings  of 
this  study. 

In  a  similar  later  study,  Gage  and  Guyer  (1982)  trained  64  Long-Evans 
male  rats  to  perform  on  a  VI-1  schedule  of  reinforcement,  in  which  the 
opportunity  to  obtain  a  food  pellet  occurred  on  the  average  of  once  each 
minute  in  a  preplanned  sequence  of  intervals  without  cueing.  The  rat 
forfeited  a  reinforcement  opportunity  if  it  did  not  respond  before  the 
next  programmed  reinforcement  opportunity. 

RFR-  and  sham-exposures  of  groups  of  four  rats  in  individual  acrylic 
boxes  were  conducted  from  above  in  the  chambers,  previously  described  in 
Gage  (1979),  in  which  the  relative  humidity  was  held  constant  at  50X  to 
within  5X  and  the  ambient  temperature  at  22,  26,  or  30  deg  C  to  within  1 

deg  C.  Unlike  in  Gage  (1979),  the  long  axes  of  the  boxes  were  parallel 

to  the  H-vector.  From  Durney  et  al.  (1978),  p.  95,  however,  the  SARS  at 

2.45  GHz  for  the  E-  and  H-polarizat ions  are  about  the  same. 

Behavioral  sessions  were  begun  daily  at  0800.  The  first  response  in 
each  session  yielded  a  pellet.  Each  session  lasted  until  30  additional 
reinforcement  opportunities  had  been  programmed  on  the  VI-1  schedule, 
which  required  about  30  min.  A  week  of  daily  sessions  were  conducted 
for  the  rats  to  achieve  performance  stability;  during  this  week,  they 
became  adapted  to  being  in  the  boxes  overnight  and  to  having  rectal 
temperatures  taken.  For  three  sessions  before  RFR-exposure ,  the  rats 
were  tested  after  overnight  sham-exposure  at  22  deg  C,  to  acclimate  them 
to  the  housing  conditions  during  exposure.  The  last  of  these  comprised 


the  O-mW/sq-cm  exposure  at  22  deg  C. 

Two  groups  were  then  exposed  without  access  to  food  or  water  to  2.45- 
GHz  RFR  for  15.5  hr  (1630-0800)  under  each  of  the  following  conditions: 

8  or  14  mW/sq  cm  at  22  deg  C;  0,  8,  or  14  mW/sq  cm  at  26  deg  C;  and  0, 

8,  or  14  mW/sq  cm  at  30  deg  C.  Mean  SARs  (and  spatial  ranges)  corres¬ 
ponding  to  8  and  14  mW/sq  cm  were  1.6  (1. 1-2.1)  and  2.8  (2. 0-3. 6)  W/kg. 
On  the  night  following  an  RFR-exposure ,  each  group  was  sham-exposed  at 
the  same  temperature.  Rectal  temperature  was  measured  in  one  rat  of 
each  group  before  and  after  each  RFR-  or  sham-exposure.  Test  sessions 
were  begun  about  10  min  after  treatment;  during  this  10-min  interval, 
the  rats  were  given  access  to  water  and  the  post-treatment  rectal 
temperatures  were  taken.  Analysis  of  covariance  was  used  on  the  data. 

Mean  rectal  temperatures  decreased  after  all  treatments  (including 
sham-exposure)  except  after  exposure  to  14  mW/sq  cm  (2.8  W/kg)  at  26  and 
30  deg  C,  at  which  they  increased  respectively  by  0.1  and  2.7  deg  C. 

The  response  rates  under  control  conditions  differed  among  rats,  so 
the  data  obtained  for  each  rat  before  and  after  RFR-exposure  were 
compared  with  its  baseline  data.  The  results  were  expressed  as  mean 
ratios  (in  percent)  of  the  post-treatment  response  rate  to  the  response 
rate  for  the  previous  session.  For  treatment  at  22  deg  C,  the  results 
were  about  100X,  88X,  and  78X  respectively  for  0,  8,  and  14  mW/sq  cm  (0, 
1.6,  and  2.8  W/kg).  The  corresponding  values  for  26  deg  C  were  81X, 

72X ,  and  56X;  those  for  30  deg  C  were  100X,  22X,  and  20X.  Thus, 
response-rate  reductions  directly  dependent  on  RFR  level  were  evident  at 
each  ambient  temperature.  However,  the  effects  of  ambient  temperature 
per  se  were  not  consistent,  notably  the  81X  and  100X  sham-exposure 
results  at  26  and  30  deg  C,  respectively. 

Analysis  of  covariance  confirmed  that  the  effect  of  power  density  and 
the  interaction  of  power  density  and  temperature  on  response  rate  were 
both  significant,  as  was  the  effect  of  temperature.  The  analysis  showed 
that  the  response  rate  of  each  rat  after  RFR-exposure  was  dependent  on 
its  control  rate.  During  sessions  one  day  after  RFR-exposure,  many  rats 
exhibited  rates  higher  than  those  on  the  day  before  (overcompensation). 

The  total  duration  of  post-treatment  IR-beara  interruptions  was  divided 
by  the  number  of  responses  to  obtain  a  mean  response  duration,  which  was 
expressed  as  the  percentage  of  the  value  for  the  previous  day.  Results 
for  the  22-deg-C  groups  were  100X  for  0,  8,  and  14  mW/sq  cm  (0,  1.6,  and 
2.8  W/kg).  Results  for  the  26-deg-C  groups  at  0,  8,  and  14  mW/sq  cm  (0, 
1.6,  and  2.8  W/kg)  were  100X,  100X,  and  140X,  respectively,  and  those 
for  the  30-deg-C  groups  were  100X,  170X,  and  145X.  Covariance  analysis 
showed  that  the  effect  of  ambient  temperature  on  response  duration  was 
significant,  but  that  the  effects  of  power  density  and  of  interaction 
between  power  density  and  temperature  were  not  significant. 

Mitchell  et  al.  (1977)  randomly  assigned  and  exposed  15  Sprague-Dawley 
female  rats  (mean  weight  307  g),  each  rat  restrained  in  a  ventilated 
polystyrene  cylinder,  to  110  daily  sessions  of  5  hr  each,  5  days/week 
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(550  hr  total  in  22  weeks),  of  2.45-GHz  CW  RFR.  The  exposures  were  done 
concurrently  at  15  of  30  possible  locations  within  a  large  multimode, 
mode-stirred  cavity  at  24  deg  C  and  50X  relative  humidity  (Bronaugh  and 
Kerns,  1975),  and  the  locations  of  the  rats  were  varied  daily.  The  mean 
SAR  of  each  rat  was  2.3  W/kg  (by  calorimetry  on  distilled-water  models). 
Fourteen  other  rats  were  similarly  sham-exposed  in  a  dummy  chamber. 

The  baseline  locomotor  activities  of  5  rats  in  the  RFR  group  and  5 
rats  in  the  sham  group  were  recorded  periodically  for  60  min  each  at  15- 
min  intervals  during  14  pretreatment  sessions.  Immediately  after  each 
of  the  daily  treatments,  their  locomotor  activities  were  recorded  again 
for  60  min  at  15-min  intervals.  In  the  pretreatment  sessions,  the  RFR- 
and  sham-exposed  rats  showed  progressive,  significant  declines  in  ac¬ 
tivity,  to  between  500  and  600  counts  for  the  last  pretreatment  session, 
but  no  significant  differences  between  groups,  declines  which  were  as¬ 
cribed  to  simple  habituation.  However,  starting  with  the  second  post¬ 
treatment  session,  the  mean  activities  of  the  RFR-exposed  rats  rose  to 
and  stayed  between  700  and  800  counts  per  session,  whereas  those  for  the 
sham-exposed  rats  declined  slowly  to  less  than  500  counts  by  week  22. 

Five  other  rats  each  of  the  RFR  and  sham  groups,  maintained  at  80Z  of 
normal  body  mass,  were  trained  during  30-min  sessions  on  a  reinforced 
discriminative  operant  schedule,  in  which  a  food  pellet  was  delivered 
for  every  fifth  response  (FR-5)  to  lighting  of  a  cue  lamp.  Successive 
lamp-on  and  lamp-off  durations  averaged  15  seconds  each.  Responses  when 
the  lamp  was  off  were  recorded  but  not  reinforced.  To  obtain  baseline 
data,  25  pretreatment  sessions  were  conducted  with  each  rat;  during  the 
22-week  treatment  period,  54  regularly  spaced  sessions  were  conducted 
immediately  after  treatment. 

For  the  pretreatraent  data,  the  authors  gave  676.0  and  787.9  as  the 
mean  numbers  of  responses  per  session  respectively  for  the  RFR-  and 
sham-exposed  rats  during  the  lamp-on  intervals,  and  18.4  and  24.4  as  the 
corresponding  numbers  during  the  lamp-off  intervals.  Statistical  data 
were  not  provided  but  they  indicated  that  analysis  of  variance  yielded 
no  significant  differences  between  groups.  They  noted  that  the  high 
ratios  of  lamp-on  to  lamp-off  responses  were  indicative  of  reliable 
pretreatment  discrimination  by  both  groups  and  they  used  the  inverse 
ratio  ( lamp-off /lamp-  on  responses  of  each  rat)  as  the  discrimination 
measure.  The  pretreatment  mean  ratios  for  the  rats  in  the  RFR  and  sham 
groups  were  respectively  0.026  and  0.034,  a  nonsignificant  difference. 

The  mean  numbers  of  responses  per  session  by  the  sham  group  during 
lamp-on  intervals  of  the  54  post-treatment  sessions  were  between  700  and 
800.  For  the  RFR  group,  the  values  were  less  than  700  except  for  the 
last  18  post-treatment  sessions  for  which  they  rose  to  above  700.  The 
authors  presented  results  of  analysis  of  variance  showing  that  the 
differences  between  the  groups  were  not  significant,  but  that  the  rise 
by  the  RFR  group  was  significant.  The  mean  numbers  of  responses  per 
session  by  the  RFR-  and  sham  groups  during  the  lamp-off  intervals 
throughout  the  post-treatment  sessions  were  respectively  about  130  and 
30,  a  significant  difference.  Thus,  the  corresponding  discrimination 


ratios  were  about  0.2  and  0.03.  Also,  comparison  of  the  RFR-group 
ratios  for  their  first  and  last  post-treatment  sessions  confirmed  the 
performance  deterioration  by  this  group. 

The  remaining  5  rats  of  the  RFR  group  and  4  rats  of  the  sham  group 
were  trained  in  30-rain  sessions  on  the  Sidman  shock-avoidance  test,  in 
which  a  train  of  2.0-mA,  0.3-second  shock  pulses  was  delivered  to  the 
feet  via  the  bottom  of  the  rat  cage  without  prior  cue  every  15  seconds 
(response-shock  interval),  with  the  successive  pulses  in  each  train 
given  every  0.5  second  (shock-shock  interval).  A  lever  press  by  the  rat 
would  delay  the  next  train.  With  training,  the  rat  could  avoid  being 
shocked  for  most  of  or  perhaps  the  entire  session  by  pressing  the  lever 
at  15-second  intervals.  The  last  25  pretreatment  sessions  yielded 
baseline  data,  and  test  sessions  of  30  min  were  given  immediately  after 
each  of  54  daily  treatments.  Data  for  each  session  were  recorded  in  6 
blocks  of  5  rain  each  of  interresponse  times  (IRTs),  numbers  of  avoidance 
responses,  numbers  of  shocks  received,  and  numbers  of  shock  trains 
entered . 

For  the  pretreatment  sessions,  the  differences  between  the  groups  were 
nonsignificant.  For  the  post-treatment  sessions,  the  overall  mean  IRTs 
for  the  RFR  and  sham  groups  were  respectively  5.09  and  4.23  seconds, 
values  stated  to  be  comparable  to  those  for  the  pretreatment  sessions. 

By  analysis  of  variance,  there  were  no  significant  session-to-session 
differences  in  mean  daily  numbers  of  avoidance  responses  per  session  or 
mean  values  between  the  groups.  During  the  5-min  blocks  of  each  30-min 
session,  however,  each  group  exhibited  significant  increases  in  numbers 
of  avoidances,  indicating  intrasession  learning,  with  those  for  the  RFR 
group  nonsignif icantly  higher  than  for  the  sham  group  at  corresponding 
times.  The  block  results  also  showed  that  both  the  numbers  of  shocks 
received  and  the  numbers  of  shock  trains  entered  decreased  during  each 
session  and  from  session  to  session  for  both  groups.  Mitchell  et  al. 
(1977)  concluded:  "The  analyses  of  post-irradiation  Sidman  avoidance 
data  revealed  no  significant  effects  involving  groups  and  thus  provided 
no  evidence  of  differential  avoidance  performance  as  a  function  of  MW 
radiation. " 

Rectal  temperatures  were  taken  daily  on  randomly  selected  rats  of  the 
RFR  group,  about  midway  through  each  treatment,  which  required  that  the 
RFR  be  shut  off  for  about  3  min.  Temperatures  of  selected  rats  of  the 
sham  group  were  similarly  taken.  The  respective  mean  values  were  38.27 
and  38.24  as  compared  with  38.0  +  /-  0.5  deg  C,  the  normal  temperature 
for  this  rat  strain.  Reported,  however,  was  the  unexplained  occurrence 
of  conspicuous  depilation  of  the  backs  of  4  of  the  15  RFR-exposed  rats, 
first  observed  about  the  tenth  week  of  exposure  and  persisting  for  the 
remaining  weeks,  and  the  absence  of  depilation  in  any  of  the  14  sham- 
exposed  rats.  The  authors  stated  (without  giving  data)  that  comparisons 
of  the  performance  records  of  the  four  affected  rats  with  those  of  the 
other  RFR-exposed  rats  revealed  no  striking  abnormalities  in  behavior. 

Lin  et  al.  (1977)  deprived  female  Sprague-Dawley  (200-g)  rats  of  food 
to  maintain  them  at  80Z  of  their  free-feeding  body  masses  and  sham- 


exposed  or  exposed  them  individually  in  acrylic  restraining  holders  in 
30-rain  sessions  to  near-field  918-MHz  CW  RFR  at  10,  20,  and  40  mW/sq  cm 
from  a  cavity-backed  square-aperture  applicator  located  8  cm  above  the 
proximal  surface  of  the  rat's  body  and  directed  toward  its  longitudinal 
midpoint . 

Energy  absorption  rates  in  rat  carcasses  were  determined  by  computer¬ 
ized  thermography.  Isothermal  plots  of  energy  absorption  in  the  midsag- 
ittal  plane  yielded  ranges  (per  mW/sq  cm)  of  0. 1-0.9  W/kg  in  the  tail 
and  0. 1-0.8  W/kg  in  the  body,  values  that  were  sensitive  to  the  position 
of  the  tail.  Consequently,  exposures  were  performed  with  the  tail  immo¬ 
bilized.  Mean  whole-body  SARs  were  not  measured,  but  theoretical  cal¬ 
culations  for  mass-equivalent  muscle  spheres  yielded  spatially  averaged 
SARs  of  0.21  W/kg  per  mW/sq  cm  or  2.1,  4.2,  and  8.4  W/kg  at  10,  20,  and 
40  mW/sq  cm. 

The  holder  was  a  truncated  cone  of  acrylic  rods  designed  for  adequate 
ventilation  and  to  allow  the  rat  to  poke  its  head  through  the  narrower 
end,  thus  permitting  free  movement  of  the  rat's  neck  and  head  while 
restraining  the  rest  of  its  body.  The  rats  learned  after  a  few  sessions 
to  run  into  the  holder  and  extend  their  heads  through  the  opening.  The 
receiver  for  the  holder  and  the  exposure  chamber  were  designed  so  that  a 
small  upward  movement  of  the  rat's  head  interrupted  a  horizontal  light 
beam.  The  task  required  of  the  rat  was  to  execute  30  such  movements 
rapidly  and  regularly  to  receive  a  food  pellet  (fixed-ratio,  or  FR-30 
schedule).  A  slight  downward  movement  of  the  head  permitted  the  rat 
access  to  the  pellets  delivered.  After  achieving  stable  performances, 
they  typically  responded  about  2000  times  during  each  30-rain  session. 

Typical  records  of  baseline  cumulative  responses  vs  time  for  3  rats 
indicated  virtually  uniform  response  rates  of  about  80/min.  One  of 
those  rats  was  exposed  for  30  min  each  at  10,  20,  and  40  mW/sq  cm  on  5 
consecutive  days,  another  was  exposed  at  the  same  levels  on  alternate 
days  (Monday,  Wednesday,  and  Friday),  and  the  third  rat  was  subjected  to 
30-rain  sessions  of  sham  exposure.  No  significant  changes  of  performance 
rates  were  evident  for  the  third  rat  or  for  the  other  two  rats  at  10  or 
20  mW/sq  cm  (2.1  or  4.2  W/kg). 

At  40  mW/sq  cm  (8.4  W/kg),  the  performance  rate  of  the  first  rat  was 
unchanged  for  the  first  5  min,  at  which  time  its  rate  dropped  to  almost 
zero;  the  second  rat  performed  at  approximately  baseline  rate  for  the 
first  5  min  or  so,  then  at  slowly  decreasing  rate  for  the  next  15  min, 
and  it  essentially  ceased  performing  for  the  remaining  10  min.  The  rats 
exposed  at  this  RFR  level  exhibited  physiological  signs  of  heat  stress, 
including  panting,  fatigue,  and  foaming  of  the  mouth. 


Another  rat  was  subjected  to  exposures  in  increments  of  3  mW/sq  cm 
(0.63  W/kg)  up  to  32  mW/sq  cm  (6.7  W/kg),  at  which  the  rat  exhibited 
similar  signs  of  heat  stress.  Its  response  rate  remained  at  baseline 
through  about  the  first  13-14  min,  diminished  slightly  during  the  next 
5-6  rain,  and  then  decreased  significantly  (but  not  to  zero)  for  the 
remainder  of  the  session. 


The  behavioral  results  of  this  study  appear  to  be  straightforward  and 
indicate  the  existence  of  a  threshold  between  30  and  40  mW/sq  cm  (6.3 
and  8.4  W/kg)  at  918  MHz  for  the  specific  task  studied.  An  important 
general  finding  is  the  large  range  of  local  SARs  (peak-to-average  ratio 
of  about  4)  found  by  thermography  in  the  rat  carcass  exposed  at  constant 
incident  power  density  and  animal  orientation.  As  noted  by  the  authors, 
there  may  be  high  local  SAR  values  ("hot  spots")  within  animals  exposed 
to  RFR  at  seemingly  thermally  insignificant  power  densities. 

Sanza  and  de  Lorge  (1977),  in  three  daily  practice  sessions  of  1-2  hr, 
trained  four  Sprague-Dawley  male  rats,  each  maintained  at  80X  of  its 
free-feeding  body  mass,  to  press  the  lever  to  obtain  a  food  pellet.  The 
rats  were  then  trained,  in  3-day  sequences  of  1-hr-daily  sessions,  to 
respond  on  a  fixed-interval  15-second  (FI-15-s)  schedule  the  first  day, 
a  FI-30-s  schedule  the  second  day,  and  a  FI-50-s  schedule  the  third  day. 
After  five  such  sessions  per  week  for  six  weeks,  the  rats  were  able  to 
respond  on  the  FI-50-s  schedule  for  at  least  22  consecutive  daily  1-hr 
sessions  at  the  same  time  each  day  (between  0900  and  0930  for  the  first 
rat,  followed  by  the  others  at  about  90-min  intervals).  No  water  was 
provided  during  sessions. 

After  completion  of  training,  the  rats  were  exposed  to  120-Hz-modu- 
lated  2.45-GHz  RFR  in  a  Styrofoam  operant-conditioning  chamber  from 
above  with  a  standard-gain  horn  within  an  enclosure  lined  with  RFR  ab¬ 
sorber  at  an  ambient  temperature  of  24  +  /-  0.6  deg  C,  relative  humidity 
of  702,  and  air-flow  rate  of  1.52-3.44  m/min.  The  floor  of  the  operant¬ 
conditioning  chamber  was  a  grid  of  polyethylene.  With  exhaust  fans 
operating,  the  white-noise  sound-pressure  level  within  the  closed  cham¬ 
ber  was  76  dB.  Exposures  were  for  60  min  at  8.8,  18.4,  or  37.5  mW/sq 
cm.  SARs  were  not  determined,  but  based  on  0.21  W/kg  per  mW/sq  cm  ob¬ 
tained  by  Lin  et  al.  (1977),  were  about  1.8,  3.9,  and  7.9  W/kg.  To 
minimize  possible  carry-over  effects,  the  sequence  of  exposure  at  each 
power  density  was  varied  from  rat  to  rat  and  each  value  was  used  only 
once  in  each  sequence.  In  addition,  sham-exposure  sessions  were  con¬ 
ducted  after  each  day  of  RFR  exposure  and  when  necessary  to  restabilize 
training.  Water  was  provided  between  sessions. 

Throughout  the  baseline  sessions,  two  of  the  rats  responded  with  lever 
presses  at  relatively  high  rates  and  the  other  two  at  relatively  low 
rates,  performances  that  were  generally  maintained  except  at  the  highest 
power  density.  RFR  exposure  caused  no  obvious  changes  in  distribution 
of  responses  within  the  FI  or  in  the  interresponse-time  distributions. 
Also,  the  lever-response  rate  of  none  of  the  rats  was  significantly 
altered  at  8.8  or  18.4  mW/sq  cm  (1.8  or  3.9  W/kg).  The  response  rates 
of  the  high-performance  rats,  however,  diminished  greatly  at  37.5  mW/sq 
cm  (7.9  W/kg),  and  these  rats  exhibited  signs  of  overheating  on  removal 
from  the  chamber.  The  low-performance  rats  did  not  show  such  changes  or 
overheating . 


For  sham-exposures,  the  mean  pause  times  were  40.7  and  30.6  seconds 
for  the  low-  and  high-rate  rats,  respectively.  At  8.8  and  18.4  mW/sq  cm 
(1.8  and  3.9  W/kg),  none  of  the  rats  showed  statistically  significant 


changes  from  these  values.  At  37.5  raW/sq  cm  (7.9  W/kg),  the  mean  value 
for  the  low-rate  rats  was  45.4  seconds,  a  statistically  nonsignificant 
increase;  the  mean  value  for  the  high-rate  rats  was  48.4  seconds,  a 
highly  significant  increase. 

Pause  times  for  the  high-rate  rats  became  progressively  longer  across 
successive  fixed  intervals,  and  were  related  to  the  apparent  preference 
for  the  one  area  (near  the  wall  on  the  opposite  side  of  the  food  cup) 
found  to  have  a  relative  power-density  depression  in  horizontal  mapping 
of  the  chamber.  The  behavior  of  the  low-rate  rats  was  similar  but  less 
pronounced.  During  sham-exposure  or  exposure  at  8.8  mW/sq  cm  (1.8 
W/kg),  all  four  rats  spent  only  3-4%  of  the  session  time  in  that  area. 

At  18.4  and  37.5  mW/sq  cm  (3.9  and  7.9  W/kg),  however,  the  low-rate  rats 
spent  respectively  about  56%  and  78%  of  the  time  there,  whereas  the 
corresponding  values  for  the  high-rate  rats  were  81%  and  92%. 

The  authors  ascribed  their  results  to  "workload-microwave  interac¬ 
tion,"  and  indicated  that  the  pronounced  effects  at  37.5  mW/sq  cm  (7.9 
W/kg)  on  the  high-rate  rats  were  due  to  the  significant  thermal  burden 
added  to  their  high  metabolic  rates.  They  also  suggested  that  "well- 
practiced  operant  behaviors,  such  as  we  used,  may  be  impervious  to  the 
influence  of  radiation  at  low  power  densities,"  but  also  that  other 
behavioral  measures  may  be  more  sensitive  to  low  power  densities. 

Description  of  the  exposure  facility  did  not  include  details  regarding 
how  the  ambient  temperature  within  the  operant-conditioning  chamber  was 
maintained  at  24  +/-  0.6  deg  C.  Not  clear  was  whether  the  temperature 
within  the  chamber  was  monitored  during  the  RFR  exposures  and  used  for 
feedback  control.  If  not,  then  the  heat  rising  through  the  grid  floor 
from  the  RFR-absorbent  walls  of  the  enclosure  beneath  the  chamber  may 
have  markedly  increased  the  temperature  within  the  chamber,  especially 
at  the  higher  power  densities. 

As  indicated  by  the  results  at  the  higher  power  densities,  the  rats 
endeavored  to  minimize  their  heat  loads  by  spending  more  than  50%  of  the 
session  periods  in  the  region  of  minimum  power  density.  Although  such 
behavior  is  an  indication  of  the  thermal  basis  of  the  effects  observed, 
the  presence  of  such  power-density  minima  may  have  artif actually  altered 
the  numerical  response-rate  and  pause-duration  values,  a  point  implied 
by  the  investigators. 

De  Lorge  and  Ezell  (1980),  to  determine  the  effects  of  RFR  exposure  on 
observing-behavior ,  sham-exposed  or  exposed  each  of  8  Long-Evans  male 
rats  in  a  Styrofoam  operant-conditioning  box  to  pulsed  RFR  at  1.28  GHz 
(3-microsecond  pulses  at  370  pps)  and  at  5.62  GHz  (0.5-  or  2-microsecond 
pulses  at  662  pps)  from  a  horizontally  radiating  horn  in  an  anechoic 
chamber  designed  for  each  frequency.  Exposure  sessions  were  for  40  min, 
with  the  E-vector  vertical  and  with  the  right  side  of  the  rat  toward  the 
horn  while  the  rat  was  performing.  About  78  dB  of  masking  noise  was 
present  during  exposures.  The  ambient  temperature  varied  with  building 
values  in  the  range  23-26.5  deg  C,  with  small  increases  within  the  box 
due  to  RFR-generated  heat  in  the  wall  opposite  the  horn  in  each  chamber. 


The  relative  humidities  were  about  50X. 


Power  density  measurements  were  made  with  no  rat  present.  Whole-body 
SARs  were  measured  for  Styrofoam  models  in  the  shape  of  a  standing  rat 
and  filled  with  saline.  The  mean  values  were  0.25  W/kg  per  mW/sq  cm  at 
1.28  GHz  and  0.19  W/kg  per  mW/sq  cm  at  5.62  GHz.  Also,  local  SARs  were 
measured  in  the  head,  shoulder,  abdomen,  and  hip  (12  locations)  within 
the  models  filled  with  muscle-equivalent  synthetic  material.  Results 
(per  mW/sq  cm)  were  relative  maximum  SARs  of  about  5.5  W/kg  in  the  left 
side  of  the  head  (the  side  away  from  the  source)  at  1.28  GHz  and  about  7 
W/kg  in  the  right  side  of  the  head  at  5.62  GHz. 

The  operant-conditioning  box  was  equipped  with  two  levers  and  a  food 
hopper  midway  between  them.  Two  speakers,  a  100-W  lamp  for  general 
illumination,  and  a  video  monitor  were  mounted  on  the  wall  behind  the 
horn  of  each  chamber.  A  25-W  stimulus  lamp  was  mounted  in  each  ceiling 
above  the  box. 

The  rats,  maintained  at  well  below  their  free-feeding  body  masses, 
were  given  40-rain  training  sessions  daily  for  5  days  per  week  to  achieve 
a  behavioral  response  that  required  the  rat  to  depress  the  right  lever, 
thereby  producing  a  1-kHz  tone  for  0.7  s  or  a  1.25-kHz  tone  for  10  s. 
Right-lever  responses  that  yielded  the  1.25-kHz  tone  were  reinforced  on 
the  average  of  once  every  20  s  (VI-20-s  schedule)*,  otherwise  the  1-kHz 
tone  was  presented.  Depression  of  the  left  lever  during  the  10  s  of  the 
higher  tone  resulted  in  its  cessation  and  the  delivery  of  a  food  pellet. 
Depression  of  the  left  lever  in  the  absence  of  the  higher  tone  yielded  a 
10-s  period  during  which  responses  on  the  right  lever  produced  only  0.7- 
s  intervals  of  the  lower  tone.  If  the  left  lever  were  not  pressed  by 
the  end  of  the  10-s  periods  of  the  higher  tone,  the  VI-20-s  schedule 
would  recycle. 

After  completing  training  (90  sessions),  the  rats  were  exposed  to  the 
5.62-GHz  RFR  at  power  densities  of  7.5,  11.5,  16,  26,  31.5,  38.5,  42, 
and  48.5  mW/sq  cm,  comprising  a  total  of  183  sessions.  The  mean  of 
their  body  masses  during  this  phase  was  362  g  or  about  88%  of  the  mean 
free-feeding  mass.  The  whole-body  SARs  ranged  from  1.4  to  9.2  W/kg. 

About  90  days  later,  the  rats  were  exposed  to  the  1.28-GHz  RFR  at 
power  densities  between  0.1  and  1  mW/sq  cm  (obtained  by  interposing  a 
sheet  of  absorber  between  the  horn  and  the  box)  and  at  5.5,  9.5,  10,  and 
15  mW/sq  cm,  totaling  62  sessions.  The  mean  of  their  body  masses  was 
400  g  or  about  90Z  of  the  mean  free-feeding  mass.  Whole-body  SARs 
ranged  from  0.025  to  3.75  W/kg. 

No  overt  physiological  signs  of  hyperthermia  were  evident  for  either 
RFR  frequency.  Sham-exposures  were  conducted  on  days  before  and  after 
RFR-exposure  sessions. 

Results  showed  consistent  disruption  of  the  behavior  pattern,  mani¬ 
fested  as  overall  reductions  of  right-lever  response  rates  during  RFR 
exposure,  long  pauses  unrelated  to  pellet  delivery,  and  cessation  of 


responding  after  15-20  min  of  exposure.  Behavior  disruption  was  consis¬ 
tent  in  all  8  rats  for  5.62  GHz  at  38.5  mW/sq  cm  (whole-body  SAR  of  7.3 
W/kg)  and  higher,  and  for  7  of  the  rats  at  26  mW/sq  cm  (4.9  W/kg)  and 
higher.  For  1.28  GHz,  consistent  disruption  was  obtained  in  all  rats  at 
15  mV/sq  cm  (3.8  W/kg),  and  a  statistically  significant  drop  in  mean 
response  rate  to  about  88Z  of  the  mean  sham-exposure  rate  was  evident  at 
10  mW/sq  cm  (2.5  W/kg).  However,  some  of  the  rats  showed  habituation 
(i.e.,  less  disruption)  to  successive  RFR  exposures  at  the  same  power 
density  (with  interposed  sham-exposure  sessions). 

Incorrect  left-lever  or  f alse-detection  responses  (made  in  the  absence 
of  the  food-availability  tone)  were  affected  in  similar  fashion.  For 
1.28-GHz  RFR,  their  frequencies  decreased  substantially  at  10  mW/sq  cm 
(2.5  W/kg)  and  higher,  and  similarly  for  5.62-GHz  RFR  at  26  mW/sq  cm 
(4.9  W/kg)  and  higher.  However,  the  ratio  of  false  detections  to  total 
observing-responses  increased  significantly  with  increasing  RFR  level. 

The  pause  time  for  a  correct  left-lever  response  following  a  right- 
lever  reinforced  detection-response  was  also  found  to  increase  with 
increasing  RFR  level,  with  reliable  differences  at  10  mW/sq  cm  (2.5 
W/kg)  for  1.28  GHz  and  at  16  mW/sq  cm  (3.0  W/kg)  for  5.62  GHz. 

The  authors  concluded  that  the  behavioral  disruptions  were  "almost 
certainly  related  to  the  thermal  consequences  of  such  radiation"  and 
suggested  that  the  widely  different  thresholds  for  behavioral  disruption 
at  the  two  frequencies,  i.e.,  10  mW/sq  cm  (2.5  W/kg)  for  1.28  GHz  and  26 
mW/sq  cm  (4.9  W/kg)  for  5.62  GHz,  may  have  been  due  to  different  spatial 
SAR  variations  within  the  rats.  This  point  is  well  taken,  because  the 
SAR  maxima  in  the  head  were  5.5  W/kg  per  mW/sq  cm  at  1.28  GHz  and  7  W/kg 
per  mW/sq  cm  at  5.62  GHz,  and  the  ratio  of  the  latter  to  the  former  was 
only  about  1.3  compared  with  2  for  the  corresponding  whole-body  SARs. 

In  view  of  such  spatial-SAR-distribution  differences,  however,  frequency 
scaling  of  effects  in  a  single  species  or  comparisons  of  results  in  one 
species  with  those  in  another  species  on  the  basis  of  whole-body  SARs 
seems  to  be  unjustified. 

The  pulsed  RFR  used  may  have  yielded  the  RFR-auditory  effect.  If  so, 
however,  the  authors  were  probably  correct  in  discounting  this  effect  as 
a  factor  in  their  results,  because  the  pulse  repetition  rates  used  (370 
and  662  pps)  were  much  lower  than  the  1-kHz  and  1.25-kHz  tones  used  in 
the  behavioral  regimen. 

The  findings  of  this  investigation  with  1.28-GHz  and  5.62-GHz  RFR  were 
qualitatively  similar  to  those  of  previous  behavioral  studies  with  2.45- 
GHz  RFR  in  this  laboratory  with  rats  on  fixed-interval  schedules  (Sanza 
and  de  Lorge,  1977),  and  with  primates  on  variable- interval  schedules 
(de  Lorge,  1976  and  1979),  discussed  in  Section  3. 7. 1.2. 

In  one  of  two  studies,  D'Andrea  et  al.  (1977)  maintained  11  Long-Evans 
male  rats  at  85X  of  their  free-feeding  body  mass  and  trained  them,  daily 
during  1-hr  sessions,  to  respond  for  food-pellet  reward  on  a  variable- 
interval  schedule  of  reinforcement.  Training  sessions  were  conducted 
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until  stable  performance  was  achieved,  defined  as  when  the  total  number 
of  lever  presses  during  a  session  differed  by  less  than  15X  from  the 
total  of  a  previous  session.  An  average  of  14  sessions  was  necessary  to 
achieve  stability.  The  rats  were  also  given  four  to  six  retraining 
sessions  after  each  RFR-exposure  session. 

After  training,  five  of  the  rats  were  each  exposed- in  a  monopole- 
above-ground  chamber  while  housed  in  Plexiglas  holding  cages  to  400-, 

500- ,  600- ,  and  700-MHz  CW  RFR  in  random  order  at  a  constant  power 
density  of  20  mW/sq  cm  with  the  rat's  long  axis  parallel  to  the  electric 
field,  starting  on  the  fifth  min  of  each  1-hr  session.  Vater  was  not 
provided  during  exposures.  The  ambient  temperature  and  relative  humi¬ 
dity  were  maintained  at  21-22  deg  C  and  27X.  The  rats  were  monitored  by 
closed-circuit  TV.  Each  exposure  was  continued  until  the  end  of  the 
session  or  was  terminated  at  the  instant  of  work  stoppage,  defined  as 
the  end  of  the  first  min  during  which  response  rate  fell  below  33X  of 
its  normal  rate.  The  primary  behavioral  measure  was  the  time  interval 
to  such  work  stoppage.  Colonic  temperatures  were  measured  just  before 
and  after  RFR  exposure  and  some  training  sessions. 

The  results  for  these  five  rats  showed  that  the  most  rapid  stoppage  of 
work  and  the  highest  elevations  of  body  temperature  occurred  at  600  MHz 
(14.4  W/kg).  The  mean  duration  to  work  stoppage  at  this  frequency  was 
about  23  min  as  compared  with  about  51  min  at  400  MHz  (6  W/kg),  37  min 
at  500  MHz  (10  W/kg),  and  33  min  at  700  MHz  (14  W/kg).  By  analysis  of 
variance,  the  differences  between  the  value  at  600  MHz  and  the  values  at 
500  and  700  MHz  were  significant  (p<0.05),  and  all  three  values  differed 
significantly  (p<0.01)  from  the  value  at  400  MHz.  Comparison  of  total 
numbers  of  responses  in  training  sessions  before  and  after  RFR-exposure 
sessions  showed  no  significant  influence  of  RFR  on  post-RFR  sessions. 

At  the  end  of  RFR-exposure,  all  the  rats  were  clearly  stressed  by 
heat.  They  were  prone,  immobile,  and  showed  signs  of  vasodilation  on 
removal,  but  recovered  within  minutes.  Colonic-temperature  rise  during 
exposure  was  divided  by  exposure  duration  as  a  measure  of  energy 
delivered.  The  mean  value  of  this  measure  (in  deg-C/min)  at  600  MHz  was 
0.088,  compared  with  0.024  at  400  MHz,  0.049  at  500  MHz,  0.063  at  700 
MHz,  and  about  0.01  for  training  sessions.  All  the  differences  were 
statistically  significant  (p<0.01). 

As  noted  by  the  authors,  the  results  indicated  that  600  MHz  is  close 
to  the  resonance-absorption  frequency  for  rats  weighing  380-400  g  and 
19-20  cm  in  length  (exclusive  of  tail)  exposed  with  their  long  axes 
parallel  to  the  E-vector,  thus  confirming  analytical  calculations  for  a 
prolate-spheroidal  model  of  a  medium  rat  (Gandhi,  1974;  Johnson  et  al., 
1976;  subsequently  incorporated  into  Durney  et  al.,  1978,  p.  95). 

In  the  other  study,  D'Andrea  et  al.  (1977)  exposed  each  of  the  other 
six  trained  rats  to  600-MHz  CW  RFR  in  random  order  at  20,  10,  7.5,  and  5 
mW/sq  cm  (14.4,  7.2,  5.4,  and  3.6  W/kg)  and  similarly  evaluated  them. 
Invariably,  work  stoppage  occurred  at  20  and  10  mW/sq  cm  (14.4  and  7.2 
W/kg);  the  respective  mean  durations  to  work  stoppage  were  25  and  44 


min.  The  corresponding  rates  of  colonic-temperature  rise  were  0.066  and 
0.043  deg-C/min.  The  mean  durations  to  work  stoppage  at  7.5  and  5  mW/sq 
cm  did  not  differ  significantly  from  55  min,  and  the  corresponding  rises 
in  colonic  temperature  were  0.019  and  0.017  deg  C.  Again  there  was  no 
significant  influence  of  RFR  exposure  on  post-exposure  sessions.  Thus, 
the  SAR  threshold  at  600  MHz  for  this  behavioral  measure  was  probably 
between  6  and  8  W/kg. 

Three  of  these  six  rats  were  also  exposed  to  600-MHz  pulsed  RFR  at  a 
peak  power  density  of  170  mV/sq  cm  and  similarly  evaluated.  Pulse 
durations  of  3  and  30  microseconds  at  1000  pps  were  used,  which  yielded 
average  power  densities  of  0.51  and  5.10  mW/sq  cm  (0.37  and  3.7  W/kg). 
The  rats  responded  at  near  normal  rates,  and  the  colonic-temperature 
rises  were  small  (no  data  presented).  One  rat  stopped  responding  near 
the  end  of  a  session  of  3-microsecond  pulses.  The  authors  noted  that 
the  energy  in  each  30-microsecond  pulse  was  about  half  that  found  by  Guy 
et  al.  (1975b)  as  the  energy  threshold  for  the  RFR-auditory  effect. 

In  a  subsequent  study,  D* Andrea  et  al.  (1979)  exposed  Long-Evans  male 
adult  rats  to  2.45-GHz  CW  RFR.  Exposures  were  done  in  two  halves  of  a 
chamber  lined  with  RFR-absorption  materials  and  partitioned  vertically 
with  aluminum-covered  sheets  that  served  as  ground  planes.  A  quarter- 
wavelength  monopole  was  mounted  horizontally  on  each  ground  plane,  and 
an  array  of  10  rat-holding  cages  was  supported  along  a  vertical  circle 
of  90-cm  radius  around  each  monopole,  with  long  axes  parallel  to  the 
monopole.  The  RFR  source  was  a  2M53  magnetron.  The  power  densities  for 
the  10  locations  in  the  left  chamber  ranged  frjm  4.92  to  5.84  mW/sq  cm, 
with  a  mean  of  5.42  mW/sq  cm.  The  range  for  the  right  chamber  was  4.15 
to  5.68  mW/sq  cm,  with  a  mean  of  4.85  mW/sq  cm.  The  mean  SAR  at  5  mW/sq 
cm,  determined  calorimetrically  for  3  carcasses  of  representative  body 
mass,  was  1.23  W/kg. 

Sham-exposures  were  done  in  a  chamber  of  the  same  design  and  interior 
dimensions  but  lined  with  Styrofoam  sheet  and  sprayed  with  gray  acoustic 
material  to  match  the  lighting  and  sound  conditions  of  the  RFR  chamber. 
RFR-  and  sham-exposures  were  from  0900  to  1700  (8  hr/day),  5  days/week 
for  16  weeks.  No  food  or  water  was  provided  in  either  chamber. 

The  subjects,  30  rats  (350  to  375  g),  were  adapted  to  handling  and  the 
chambers  by  placing  each  in  a  chamber  from  0900  to  1700  (without  food  or 
water),  5  days/week  for  4  weeks  prior  to  exposure.  At  1700,  the  rat  was 
removed  and  usually  placed  in  a  Wahman  rodent-activity  cage  with  food 
and  water  ad  libitum.  Wheel  revolutions,  food  and  water  consumption, 
and  body  mass  were  measured  at  0800  the  next  day,  prior  to  returning  the 
rat  to  one  of  the  chambers.  The  rats  were  then  divided  into  two  groups 
of  15  on  a  random  basis  and  statistically  assessed  for  equality  of  mean 
dailv  wheel  revolutions  during  the  last  two  weeks  of  adaptation.  With 
nonsignificant  differences  in  means  for  the  two  groups,  one  group  was 
selected  by  chance  to  serve  as  controls  and  the  other  for  RFR  exposures. 

RFR-  and  sham-exposures  were  done  from  0900  to  1700  daily,  5  days/week 
for  16  weeks,  and  wheel  revolutions,  food  and  water  consumption,  and 


body  mass  were  measured  as  before.  In  addition,  the  rats  were  each 
placed  on  one  of  two  BRS/LVE  stabilimetric  platforms  from  1700  to  1800 
once  every  2  weeks,  starting  with  the  week  preceding  exposure.  Each 
platform,  which  measured  lateral  movements  of  the  rat,  was  placed  in  a 
sound-attenuating  enclosure  ventilated  with  an  exhaust  fan  and  lighted 
with  a  10-W  bulb.  The  tests  of  each  rat  were  done  on  the  same  platform. 

Under  ether  anesthesia,  blood  samples  were  taken  from  a  tail  vein  at 
4-week  intervals.  One  sham-exposed  and  two  RFR-exposed  rats  died  under 
anesthesia  at  the  first  blood  collection.  For  the  blood  samples  from 
the  remaining  rats,  hematocrit  was  assayed  and  counts  of  red  blood  cells 
(RBC),  white  blood  cells  (WBC),  and  differential  WBC  were  made.  Plasma- 
and  whole-blood  cholinesterase  activities  and  total  plasma  sulfhydryls 
were  determined.  Also,  24-hr  urine  samples  were  collected  at  4-week 
intervals  on  Saturdays  and  analyzed  for  1 7-ketosteroid  levels.  At  the 
end  of  16  weeks  of  exposure,  six  RFR-exposed  and  seven  sham-exposed  rats 
were  euthanized  and  examined  for  gross  pathology.  The  adrenal  glands, 
liver,  and  heart  of  each  rat  were  weighed. 

No  statistically  significant  differences  between  RFR-  and  sham-exposed 
rats  in  body  mass,  food  intake,  or  water  intake  were  obtained.  The  mean 
number  of  wheel  revolutions  for  each  group  decreased  about  linearly  with 
time,  at  a  rate  somewhat  faster  for  the  sham  group  than  the  RFR  group. 
The  mean  values  for  the  RFR  group  were  consistently  but  nonsignif icantly 
higher  (p>0.05)  than  for  the  sham  group  at  corresponding  times. 

By  contrast,  the  mean  numbers  of  activity  responses  on  the  stabill- 
raetric  platform,  expressed  as  percentages  of  mean  baseline  responses, 
did  not  vary  significantly  with  time,  but  the  values  for  the  RFR  group 
were  consistently  lower  than  for  the  sham  group  at  corresponding  biweek¬ 
ly  times.  The  differences  were  statistically  significant  (p<0.05)  for 
test  sessions  1,  3,  and  4,  but  not  for  the  other  5  biweekly  sessions. 

The  hematological  results  showed  statistically  significant  differences 
between  RFR  and  sham  groups  only  for  the  samples  taken  at  week  6.  The 
mean  RBC  count  for  the  RFR  group  at  week  6  was  significantly  lower  than 
at  weeks  2  and  10,  whereas  the  values  for  the  sham  group  at  these  three 
times  did  not  differ  significantly  from  one  another  or  from  the  week-2 
and  week-10  values  for  the  RFR  group.  The  RBC  values  for  both  groups  at 
week  14  were  significantly  higher  than  corresponding  values  at  week  10, 
but  did  not  differ  significantly  from  each  other.  By  contrast,  the  mean 
WBC  count  at  week  6  for  the  sham  group  decreased  while  the  count  for  the 
RFR  group  increased;  both  changes  were  significant,  and  so  was  the 
difference  between  groups  at  week  6. 

Hemoglobin  values  for  both  groups  at  week  6  were  higher  than  at  week 
2,  but  only  the  increase  for  the  RFR  group  was  significant,  thus  yield¬ 
ing  a  significant  difference  between  groups.  Hematocrit  decreased  in 
the  sham  group  from  week  2  to  week  6,  but  remained  unchanged  in  the  RFR 
group,  also  yielding  a  significant  intergroup  difference.  The  mean  per¬ 
centages  of  neutrophils  or  lymphocytes  between  groups  or  within  each 
group  with  time  did  not  differ  significantly. 
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RBC  cholinesterase  activity  increased  with  time  in  both  groups  but  did 
not  differ  significantly  between  groups  at  corresponding  times.  Plasma 
cholinesterase  varied  nonmonotonically  with  time  in  both  groups.  The 
values  for  the  RFR  group  were  consistently  lower  than  for  the  sham  group 
at  corresponding  times,  but  the  differences  were  significant  initially 
(before  exposure)  and  only  at  week  6.  Sulfhydryl  levels  also  varied 
nonmonotonically,  with  the  values  consistently  higher  for  the  RFR  group, 
but  only  the  difference  at  week  6  was  significant. 

Mean  17-ketosteroids  level  in  urine,  which  also  showed  nonmonotonic 
variations,  was  significantly  lower  for  the  RFR  group  than  the  sham 
group  only  initially  and  at  week  1. 

The  measurements  of  body  mass  and  masses  of  liver,  heart,  and  adrenal 
glands,  with  the  latter  three  expressed  both  in  grams  and  as  ratios  to 
body  masses,  showed  nonsignificant  differences  between  groups.  No  data 
on  pathology  were  presented. 

Describing  the  controls  in  this  study  as  "sham-exposed"  is  not  accu¬ 
rate  in  a  strict  sense,  because  the  rats  were  not  sham-exposed  in  the 
actual  chamber  used  for  RFR  exposures.  The  authors  endeavored  to  make 
the  RFR  and  control  chambers  similar,  but  the  two  chambers  did  differ  in 
some  respects,  notably  in  the  shape  and  composition  of  the  inner  sur¬ 
faces  (which  could  affect  the  optical  and  acoustic  characteristics  of 
each  chamber)  and  conceivably  the  odor-bearing  emissions  from  the  walls 
(which  could  influence  behavior).  However,  the  degree  of  influence  (if 
any)  of  such  differences  on  the  results  cannot  be  assessed. 

The  RFR  used  was  characterized  as  CW.  However,  the  means  by  which  the 
output  power  of  the  2M53  magnetron  was  adjusted  to  yield  the  desired  5 
mW/sq-cm  power  density  was  not  described.  Often  an  unfiltered  half-wave 
or  full-wave  rectifier  is  used  to  power  magnetrons.  Such  power  supplies 
yield,  respectively,  1  or  2  sinusoidal  voltage  half-cycles  of  1  polarity 
for  each  60-Hz  alternation.  Each  half-cycle  activates  the  magnetron  for 
only  part  of  the  half-cycle,  and  the  average  output  power  is  frequently 
adjusted  by  varying  the  fraction  of  the  half-cycle  or  the  duration  of 
magnetron  operation  per  half-cycle.  Consequently,  the  RFR  is  amplitude- 
modulated  (at  60-  or  120-Hz)  and  may  have  small  duty  cycles  (ratios  of 
average-to-peak  output  powers)  at  relatively  low  average  powers,  and 
could  produce  the  RFR-auditory  effect  under  appropriate  conditions.  It 
is  not  clear  whether  this  consideration  applies  to  this  investigation. 

The  mean  body  masses  of  both  groups  increased  substantially  during  the 
experiment,  from  350-375  g  to  570  g  and  535  g  respectively  for  the 
euthanized  control-  and  RFR-exposed  rats.  However,  based  on  prolate- 
spheroidal  models,  the  whole-body  SARs  for  2.45  GHz  at  5  roW/sq  cm  for 
the  "medium"  and  "large"  rat  (320  and  520  g,  respectively)  are  about  1.2 
and  0.9  W/ kg  (Durney  et  al.,  1978,  pp.  95-  96).  Therefore,  the  SARs  of 
the  rats  used  in  this  study  roust  have  decreased  significantly  with  time. 

The  primary  RFR-induced  effect,  i.e.,  the  lower  mean  activities  of  the 
RFR-exposed  rats  on  the  stabil imetric  platforms,  is  open  to  question. 


Specifically,  the  curves  of  mean  activity  vs  test  session  for  the  RFR- 
and  control  groups  were  nonmonotonic  but  surprisingly  similar  in  shape 
(Fig.  4  of  the  paper),  an  indication  that  perhaps  time-dependent  factors 
other  than  exposure  were  affecting  both  groups  in  at  least  qualitatively 
similar  fashion.  Strong  evidence  for  the  existence  of  such  factors  is 
the  significant  decline  with  time  of  the  mean  wheel  activity  of  both 
groups,  probably  reflecting  the  tendency  of  male  rats  to  decrease  their 
activity  rates  as  their  body  masses  increase  with  time. 

In  addition,  the  stabilimetric  data  (expressed  only  in  percentages  of 
baseline  performances)  showed  that  during  the  first  four  sessions,  the 
control  group  performed  at  125-150Z  of  their  baseline  values  for  reasons 
that  were  not  discussed,  and  that  the  differences  between  the  groups 
were  statistically  significant  only  for  sessions  1,  3,  and  4  (out  of  a 
total  of  8  sessions).  Lacking  were  the  baseline  results  for  each  group. 

Another  point  to  be  noted  about  the  stabilimetric  results  is  that  the 
converse  effect  was  reported  in  a  subsequent  study  by  D'Andrea  et  al. 
(1980),  discussed  below,  conducted  with  rats  of  the  same  strain  and  with 
essentially  the  same  methodology  but  at  915  MHz.  This  apparent  reversal 
of  effect  is  difficult  to  explain,  particularly  since  915-  and  2450  MHz 
are  both  above  the  whole-body  resonance  for  the  mature  rat. 

The  findings  that  the  significant  differences  between  groups  in  the 
hematologic  measures  were  mostly  for  the  week-6  samples  and  that  there 
were  significant  week-to-week  (time-dependent)  changes  within  each  group 
may  also  be  indications  that  non-RFR  factors  were  involved. 

As  noted  above,  D'Andrea  et  al.  (1980)  similarly  exposed  Long-Evans 
male  adult  rats  8  hr/day,  5  days/week,  for  16  weeks  to  915-MHz  CW  RFR  at 
5  mW/sq  cm  (2.46  U/kg)  while  housed  in  Plexiglas  cages  within  the  two 
halves  of  a  partitioned  chamber,  with  a  JC-300  magnetron  as  the  RFR 
source.  The  subjects,  30  rats  (350-375  g),  were  treated  as  in  the 
previous  study.  Blood  samples  were  taken  under  anesthesia  from  a  tail 
vein  at  4-week  intervals  and  assayed  as  in  the  previous  study.  Two  rats 
of  each  group  died  under  ether  anesthesia  during  blood  collection,  but 
at  the  eighth  week  of  adaptation  prior  to  the  start  of  exposures. 

In  addition,  14  days  after  completion  of  the  16th  week  of  exposure, 
six  randomly  selected  rats  of  each  group  were  euthanized;  hypothalamic 
tissue  sections  were  prepared  for  light-  and  electron-microscopy;  and 
the  adrenal  glands,  liver,  and  heart  of  each  rat  were  weighed.  The 
other  seven  rats  of  each  group  were  surgically  fitted  with  stainless- 
steel  recording  electrodes  placed  bilaterally  in  calvarium  over  the 
visual  cortices.  For  reference  and  grounding,  electrodes  were  also 
placed  in  calvarium  over  the  cerebellum  and  frontal  sinus.  One  week 
after  surgery,  EEG  recordings  were  made  for  10  min.  The  rats  were  then 
euthanized  and  treated  in  the  same  manner  as  the  other  rats.  (Although 
not  explicitly  stated,  the  EEGs  presumably  were  taken  7  weeks  after 
cessation  of  exposures.) 

The  mean  values  of  the  serum-chemistry  measures  showed  that  only  the 


level  of  sulfhydryl  in  plasma  at  week  2  was  significantly  affected;  the 
level  for  the  control  group  decreased  from  a  mean  baseline  value  of  9.1 
to  8.8  mM  at  week  2,  while  the  level  for  the  RFR  group  rose  from  9.4  to 
11.1  mM. 

The  mean  number  of  wheel  revolutions  for  the  control  group  decreased 
approximately  linearly  with  time,  whereas  that  of  the  RFR  group  rose 
monotonically  through  the  fourth  week  of  exposure  and  subsequently 
diminished  approximately  linearly  in  a  manner  similar  to  that  of  the 
control  group. 

The  results  of  the  tests  on  the  stabilimetric  platforms  showed  that 
the  mean  activities  of  both  groups  at  test-session  1  (week  4  of  expo¬ 
sure)  were  175X  above  their  baseline  values.  However,  the  values  for 
the  RFR  group  rose  to  about  400X  and  475X  above  baseline  at  sessions  2 
(week  8)  and  3  (week  12),  respectively,  whereas  the  corresponding  values 
for  the  control  group  were  about  225X  and  175X.  However,  the  authors 
stated  that  intergroup  differences  for  both  activity  measures  were  of 
doubtful  statistical  significance  because  of  the  large  intragroup 
variations . 

The  mean  body  masses  of  both  groups  rose  with  time,  with  the  values 
for  the  RFR  group  slightly  but  nonsignif icantly  lower  than  the  corres¬ 
ponding  values  for  the  control  group.  The  food  intake  of  both  groups 
varied  with  time  in  nonmonotonic  but  similar  fashion,  but  with  nonsigni¬ 
ficant  differences  between  groups.  The  results  for  water  intake  indica¬ 
ted  that  the  mean  values  for  the  RFR  group  were  lower  than  for  the  con¬ 
trol  group  for  the  last  two  months  of  the  experiment,  but  the  authors 
characterized  the  differences  as  unreliable. 

The  mean  values  of  RBC,  WBC,  and  hemoglobin,  and  the  percentages  of 
hematocrit,  polymorphic  neutrophils,  and  lymphocytes,  exhibited  no 
significant  differences  between  corresponding  values  for  the  RFR  and 
control  groups.  Similarly,  the  results  for  urinary  1 7-ketosteroids 
showed  no  significant  intergroup  differences. 

The  measurements  of  body  mass  and  masses  of  liver,  heart,  and  adrenal 
glands  of  the  rats  euthanized  two  and  seven  weeks  after  cessation  of  RFR 
exposure  showed  no  significant  differences  between  groups. 

Spectral  analyses  of  the  10-rain  EEG  recordings  were  done  by  computer. 
The  frequency  range  (in  Hz)  was  divided  into  four  bins  (subranges):  0.6- 
10.5,  10.6-20.5,  20.6-30.5,  and  3'  6-40.5;  each  recording  was  scanned 

four  times;  and  the  spectral  content  in  each  bin  was  averaged  for  the 
four  scans.  The  results  showed  no  significant  differences  between  the 
groups.  The  maximum  spectral  content  for  each  group  was  in  the  10.6- 
20.5  bin. 

Examination,  by  light  microscopy,  of  hypothalamic  slices  stained  with 
methylene  blue  showed  some  abnormal  vacuolization  and  chroroatolysis  in 
specimens  from  both  groups  but  no  significant  differences  between  the 
groups.  By  electron  microscopy,  neuronal  cells  having  such  morphologic 


changes  exhibited  a  lack  of  endoplasmic  reticulum,  the  presence  of  deep 
enfolding  of  nuclei,  and  a  larger  number  of  mitochondria  in  some  cells. 
Counting  of  such  cells  yielded  nonsignificant  differences  between  the 
groups.  (Such  abnormal  cells  were  found  in  7  of  12  control  rats  and  in 
6  of  10  RFR-exposed  rats.) 

The  reported  elevation  of  serum  sulfhydryl  levels  for  the  RFR  group  at 
week  2  and  not  for  any  other  assay  time  is  difficult  to  ascribe  to  RFR 
exposure,  in  view  of  the  variations  of  mean  levels  with  time  for  both 
groups.  Specifically,  the  mean  week-2  level  for  the  RFR  group  increased 
nonsignif icantly  from  its  baseline  whereas  that  for  the  control  group 
decreased  nonsignif icantly  from  its  baseline.  A  t-test  of  these  levels 
yielded  1.97  (p>0.05). 

The  decline  of  wheel  activity  by  the  control  group  during  the  course 
of  the  experiment  was  a  non-RFR  effect  probably  ascribable  to  the  ten¬ 
dency  of  male  rats  to  reduce  their  activity  rate  as  their  body  masses 
increase  with  time.  Consequently,  the  rise  in  activity  by  the  RFR  group 
during  the  first  month  or  so  probably  was  RFR-induced.  The  subsequent 
decline  by  this  group  for  the  remainder  of  the  experiment  at  a  rate  com¬ 
parable  to  that  of  the  control  group  may  have  been  due  to  the  decrease 
of  whole-body  SARs  with  time. 

The  stabilimetric-platform  results,  which  showed  significant  rises  of 
activities  for  the  RFR  group  during  the  course  of  the  experiment,  were 
at  variance  with  the  corresponding  results  of  the  earlier  investigation 
at  2.45  GHz  (D'Andrea  et  al.,  1979),  which  showed  a  decline  for  the  RFR 
group.  It  is  noteworthy  that  the  newer  data  (presented,  as  before,  only 
in  percentages  of  baseline  performances)  also  showed  that  both  groups 
performed  well  above  their  baseline  levels  (175Z  at  exposure  week  4),  an 
indication  that  non-RFR  factors  may  have  been  involved.  Again,  baseline 
results  for  each  group  were  not  presented. 

The  description  of  the  EEG  results  was  rather  obscure,  particularly 
with  regard  to  the  number  of  rats  in  each  group,  why  four  scans  per 
recording  were  taken,  and  why  any  changes  ascribable  to  the  RFR  exposure 
would  be  expected  to  persist  for  so  long  after  cessation  of  exposure. 
Moreover,  the  surgical  procedure  used  to  implant  the  electrodes  could 
have  had  significant  effects  on  the  EEGs  of  both  groups.  Therefore, 
even  though  the  results  showed  no  apparent  RFR-induced  effects,  the 
finding  is  of  little  value. 

Schrot  et.  al.  (1980)  investigated  the  effects  of  2.8-GHz  pulsed  RFR 
(2-microsecond  pulses  at  500  pps)  at  average  power  densities  of  0.25, 
0.5,  1,  5,  and  10  mW/sq  cm  on  the  acquisition  of  behavior.  Three  male 
albino  rats  (Nmr i : 0[ SD ]CV)  were  trained  by  food  reinforcement  to  acquire 
a  different  four-member  chain  of  responses  each  session. 

Immediately  before  behavior  assessment,  the  rats  were  sham-exposed  or 
exposed  for  30  min  at  one  of  the  RFR  levels  in  an  anechoic  chamber  at  21 
deg  C.  Each  rat  was  restrained  in  a  sleeve  holder  of  fine  plastic  mesh 
suspended  from  a  Styrofoam  frame  located  68  cm  (about  6.3  wavelengths) 


in  front  of  a  standard-gain  horn.  The  electric  field  was  vertically 
polarized.  The  rats  were  exposed  laterally  with  the  H-vector  parallel 
to  the  long  body  dimension.  Mean  whole-body  SARs,  calculated  from  core¬ 
temperature  rises  in  rats  exposed  at  5  and  10  mW/sq  cm  in  restraint 
harnesses,  were  respectively  0.7  and  1.7  W/kg. 

The  testing  apparatus  consisted  of  a  standard  two-lever  rat  chamber 
augmented  with  a  third  lever.  The  chamber  was  enclosed  in  a  ventilated 
sound-attenuating  enclosure.  Each  rat  was  trained  to  respond  on  each  of 
the  three  levers  individually,  and  responses  were  reinforced  with  food 
pellets.  The  rat  then  proceeded  through  a  sequence  of  increasing  chain 
lengths  of  responses  on  the  levers,  with  auditory  stimuli  incorporated, 
until  a  predetermined  sequence  of  four  presses  of  the  three  levers  was 
learned.  The  rats  were  thus  required  to  perform  sequences  such  as  left 
(L),  center  (C),  left  (L),  right  (R),  i.e.,  LCLR,  or  other  combinations, 
with  four  auditory  signals  (900-Hz  tone,  1-per-second  clicks,  2000-Hz 
tone,  and  10-per-second  clicks)  indicating  the  need  for  the  next  lever 
response  in  the  chain. 

The  auditory  stimuli  were  set  at  72  dB,  measured  in  the  cage,  and 
their  ordering  was  the  same  from  session  to  session.  The  ordering  of 
lever  responses  was  changed  randomly  from  session  to  session.  Correct 
lever  responses  to  the  auditory  stimuli  advanced  the  chain  to  the  next 
member  and  ultimately  produced  food  pellet  reinforcement.  Incorrect 
responses  produced  a  3-second  timeout,  heralded  by  extinguishing  the 
houselight  and  current  auditory  stimulus  and  turning  on  a  2.8-Hz,  92-dB 
signal.  Incorrect  responses  did  not  reset  the  sequence.  Each  auditory 
stimulus  was  presented  until  a  correct  response  advanced  the  sequence  to 
the  next  member  of  the  chain,  which  thereby  produced  the  next  auditory 
stimulus.  Sessions  were  conducted  at  daily  scheduled  times,  five  days  a 
week,  and  were  terminated  after  150  reinforcements  or  2  hr,  whichever 
occurred  first.  Each  rat  was  therefore  tested  once  or  twice  a  week. 

Baseline  response  training  took  four  months.  After  seven  sessions  of 
adaptation  to  the  sleeve  holder,  a  series  of  exposures  was  carried  out. 
The  rats  were  exposed  to  RFR  for  30  rain  just  before  behavioral  testing 
on  one  or  two  days  a  week.  Each  was  exposed  to  0.25,  0.5,  1,  5,  and  10 
mW/sq  cm  in  mixed  order,  with  each  level  presented  at  least  three  times 
(total  of  15  or  more  exposure  sessions  for  each  rat).  Sham-exposures 
were  conducted  throughout  the  exposure  series.  A  normal  baseline 
session  was  conducted  after  each  sham-  and  RFR-exposure  session. 

For  the  three  rats,  a  30-rain  presession  exposure  at  10  mW/sq  cm  (1.7 
W/kg)  resulted  in  higher  error- responding ,  lower  sequence-completion 
rates,  and  alteration  in  the  normal  pattern  of  acquisition.  These 
changes  were  termed  "disruption  of  the  daily  acquisition  curve  generated 
by  the  repeated-acquisition  procedure."  Similar  effects  were  seen  at  5 
mW/sq  cm  (0.7  W/kg)  but  to  a  lesser  extent.  Below  5  mW/sq  cm,  most  of 
the  data  points  fell  within  the  control  range,  but  a  few  were  outside 
it.  The  significance  of  these  few  points  is  uncertain.  Observation  of 
rats  during  a  session  revealed  that  increase  in  error-responding  was 
often  associated  with  failure  of  the  rat  to  switch  response  locations 


after  a  single  lever  press,  which  could  be  interpreted  as  loss  of 
stimulus  control. 

Similar  RFR-induced  disruptions  of  stimulus  control  in  the  context  of 
multiple  schedules  of  reinforcement  were  demonstrated  by  Thomas  et  al. 
(1975)  and  Mitchell  et  al.  (1977).  The  mechanism  of  action  of  RFR  in 
the  present  study  is  not  clear.  At  5  and  10  mW/sq  cm,  the  peak  power 
densities  were  5  and  10  W/sq  cm.  With  2-microsecond  pulses,  these  peak 
levels  were  sufficient  to  yield  the  RFR-auditory  effect.  Also,  high 
local  SARs  may  have  caused  selective  brain  heating.  Such  mechanisms 
were  not  investigated,  but  the  authors  noted:  "any  explanation  will 
require  effects  that  persist  for  60  to  90  min  postexposure." 

In  a  later  study,  Thomas  et  al.  (1982)  similarly  exposed  four  male 
rats  of  the  same  strain  maintained  at  approximately  80Z  of  their  free- 
feeding  weights  to  2.8-GHz  RFR,  to  compare  the  effects  of  CW  RFR  and 
pulsed  RFR  (2-microsecond  pulses  at  500  pps)  at  average  power  densities 
ranging  from  1  to  15  mW/sq  cm  on  their  performance  on  a  temporally  de¬ 
fined  schedule  of  positive  reinforcement.  Whole-body  SARs  were  calcu¬ 
lated  from  rises  of  rectal  temperatures  measured  5  min  before  and  after 
30  min  of  sham-  and  RFR-exposure  at  each  power  density.  T$  mean  tem¬ 
perature  increases  for  1,  5,  10,  and  15  mW/sq  cm  were  0.1,  0.5,  1.1,  and 
1.5  deg  C,  yielding  SARs  of  0.2,  1.2,  2.5,  and  3.6  W/kg,  respectively. 

The  rats  were  initially  trained  on  a  lever-pressing  schedule  in  which 
a  food  pellet  was  delivered  only  when  the  interval  between  two  succes¬ 
sive  responses  (interresponse  time  or  IRT)  was  not  less  than  1  second 
and  not  more  than  2  seconds.  After  about  20  sessions  of  reinforcement, 
a  dif ferential-reinforcement-of-low-rate  (DRL)  schedule  was  instituted, 
in  which  the  required  IRT  (1-2  seconds)  was  reinforced  only  if  the  in¬ 
terval  between  successive  correct  IRT  responses  was  more  than  8  seconds 
but  less  than  12  seconds.  A  correct  DRL  response  was  reinforced  by  de¬ 
livery  of  a  pellet  and  the  DRL  interval  was  restarted.  Incorrect  IRT 
responses  were  not  reinforced  and  had  no  effect  on  the  timing  of  the  8- 
second  DRL  interval.  A  correct  IRT  response  in  less  than  8  or  more  than 
12  seconds  after  a  correct  IRT  response  was  not  reinforced  and  the  DRL 
interval  was  restarted.  Daily  sessions  were  conducted  5  days  per  week. 
Each  session  was  terminated  after  delivery  of  150  pellets  or  1  hr. 

The  rats  were  trained  for  3  months  to  stabilize  their  baseline  rates 
and  to  accustom  them  to  the  sleeve  holder.  After  training  completion, 
the  rats  were  exposed  once  a  week  to  either  the  CW  or  pulsed  RFR  at  an 
average  power  density  of  1,  5,  10,  or  15  mW/sq  cm  for  30  min  and  tested 
following  exposure.  The  levels  were  administered  in  mixed  order,  each 
rat  was  exposed  at  least  three  times  at  each  level  (except  for  5  mW/sq 
cm),  and  the  response  rate  (number  of  correct  DRL  responses  per  second) 
in  each  session  was  recorded.  Comparison  data  were  obtained  by  testing 
each  rat  for  baseline  performance  between  RFR-exposure  sessions  and  for 
performance  after  sham-exposures,  the  results  of  which  were  averaged. 

The  response  rates  of  the  four  rats  to  CW  RFR  were  comparable  to  their 
respective  mean  control  values  and  there  was  no  consistent  variation  of 
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response  rate  with  power  density.  The  response  rates  to  pulsed  RFR, 
however,  were  significantly  lower  than  for  the  corresponding  levels  of 
CW  RFR,  and  a  statistically  significant  downward  trend  of  rate  with 
increasing  average  power  density  was  observed. 

The  records  of  cumulative  number  of  correct  DRL  responses  of  one  rat 
and  its  cumulative  number  of  total  responses  were  shown  for  a  represen¬ 
tative  baseline  session  and  for  representative  sessions  involving  expo¬ 
sure  to  pulsed  RFR  at  10  and  15  mW/sq  cm  and  to  CW  RFR  at  15  mW/sq  cm. 
These  records  indicated  that  the  rate  of  correct  responses  for  pulsed 
RFR  at  10  mW/sq  cm  (2.5  W/kg)  was  lower  than  the  rate  of  correct  base¬ 
line  responses  even  though  the  RFR  rate  of  total  responses  was  higher 
than  the  baseline  rate  of  total  responses.  For  pulsed  RFR  at  15  mW/sq 
cm  (3.6  W/kg),  the  rates  of  correct  and  total  responses  were  both  lower 
than  the  respective  baseline  rates  and  the  corresponding  rates  at  10 
mW/sq  cm  (2.5  W/kg).  By  contrast,  for  CW  RFR  at  15  mW/sq  cm  (3.6  W/kg), 
the  correct-response  and  total-response  rates  were  only  slightly  lower 
than  the  corresponding  baseline  rates. 

The  authors  suggested  that  the  behavioral  changes  seen  after  exposure 
to  the  pulsed  RFR  may  be  the  result  of  alterations  in  the  stimulus  con¬ 
trol  of  very  precise  temporal  discriminations,  but  that  the  mechanism 
was  unclear.  Also  mentioned  was  that  the  RFR-auditory  effect  might  have 
been  involved.  However,  the  authors  noted  that  because  the  behavioral 
tests  were  performed  after  the  exposures  were  completed,  persistence  of 
the  effect  (whatever  its  nature)  of  the  pulsed  RFR  for  at  least  1  hr 
after  exposure  is  an  important  aspect  to  be  considered. 

Lebovitz  (1981),  concurrently  sham-exposed  and  exposed  groups  of  15 
Long-Evans  female  rats  each  to  circularly  polarized  1.3-GHz  pulsed  RFR 
(1-microsecond  pulses  at  600  pps)  in  individual  circular-waveguides  with 
the  electric  vector  transverse  to  the  propagation  direction.  The  room 
was  maintained  at  21  deg  C  but  with  unregulated  relative  humidity,  which 
varied  mostly  between  40Z  and  60X.  The  waveguides  were  similar  to  those 
designed  by  Guy  and  Chou  (1976),  but  each  waveguide  had  a  vertical 
displacement  bar  (behavioral  operandum),  a  means  for  illuminating  the 
operandum  as  a  cue  (visual  discriminative  stimulus),  and  means  for 
delivering  a  food  pellet  when  appropriate.  The  rats,  which  were  not 
restrained,  were  facing  the  RFR  source  during  operant  performance. 

Prior  to  exposure,  rats  in  groups  of  46  were  initially  deprived  of 
food  for  2  days  and  were  trained  for  10  days  to  bar  press  for  food 
pellets  at  increasing  fixed-ratio  (FR)  schedules  to  FR-5  (requiring  5 
successive  lever  presses  to  obtain  a  pellet).  Thirty  rats  from  each 
group,  those  that  performed  at  the  highest  and  most  stable  rates,  were 
selected  and  trained  on  a  multiple  fixed-ratio,  extinction  schedule  of 
reinforcement  using  visual  discriminative  stimuli,  in  which  only  the 
responses  when  an  operandum  was  illuminated  (SD)  were  reinforced  by 
pellet  delivery.  Such  responses  were  tabulated.  The  reinforcements 
were  done  on  a  fixed-ratio  schedule  that  was  gradually  increased  to  FR- 
25  during  several  weeks  of  training.  Rat  responses  when  the  operandum 
was  not  illuminated  (Sd),  which  yielded  no  pellets,  were  tabulated 
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Each  set  of  30  rats  that  achieved  high  and  steady  performance  at  FR-25 
was  given  a  baseline  period  of  sham  exposures  and  testing,  after  which 
half  were  randomly  assigned  to  the  RFR  group  and  half  to  the  sham  group, 
with  the  2  groups  matched  by  baseline  FR-25  performance.  RFR-  and  sham- 
exposures  were  for  3  hr  at  the  same  time  each  day  for  5  days/week.  The 
daily  behavioral  sessions  were  begun  15  min  after  the  start  of  exposure 
and  were  terminated  15  min  before  the  end  of  exposure,  for  a  150-min 
session  duration.  The  rats  were  also  tested  during  a  2-week  recovery 
period  after  the  exposure  regimen.  Each  behavioral  session  was  divided 
into  6  sequential  blocks  of  25  min,  each  block  consisting  of  a  15-min  SD 
interval  (when  the  operandum  was  illuminated)  followed  by  a  10-min  Sd 
interval  (when  the  operandum  illumination  was  extinguished).  Response 
rates  of  each  rat  for  SD  and  Sd  during  baseline,  exposure,  and  recovery 
periods  were  summed  weekly  by  block  number  and  the  results  for  the  rats 
in  each  group  were  averaged. 

One  group  each  was  exposed  at  1.5,  3.6,  or  6.7  W/kg.  The  correspond¬ 
ing  average  power  densities  were  3.9,  9.2,  and  17.2  mW/sq  cm,  determined 
by  noting  that  the  SAR  for  a  300-g  rat  at  1.3  GHz  was  2.2  W/kg  per  W  of 
forward  power  and  by  dividing  1  W  by  the  cross-sectional  area  of  the 
waveguide  (177  sq  cm).  The  corresponding  peak  power  densities  were  6.4, 
15.4,  and  28.7  W/sq  cm.  When  not  in  their  waveguides,  the  rats  were 
kept  in  home  cages  with  water  available  ad  libitum.  In  addition,  each 
rat  was  given  8  g  of  food  daily  irrespective  of  its  operant  performance, 
and  was  weighed  three  times  per  week.  All  rats  maintained  satisfactory 
growth  curves. 

The  results  for  8  weeks  of  sham-exposure  and  exposure  at  1.5  W/kg  (3.° 
mW/sq  cm)  showed  stable  response  rates  and  no  statistically  significant 
differences  for  SD  between  RFR  and  sham  groups  for  corresponding  blocks 
and  weeks.  Both  groups  showed  a  slight  but  significant  rise  in  weekly 
SD  response  rate  for  blocks  1  and  3  and  a  slight  decline  for  block  6. 
There  were  also  modest  declines  in  rates  during  sessions,  i.e.,  over 
blocks  1-6.  The  response  rates  for  Sd  were  more  variable  than  for  SD. 

A  rise  in  the  block-1  weekly  rate  and  declines  in  the  block-3  and  block- 
6  weekly  rates  were  found,  but  the  changes  were  not  significant.  Also, 
the  decline  in  Sd  rates  during  sessions,  which  was  also  evident  for  the 
baseline  and  recovery  weeks,  was  sharper  than  for  SD.  However,  there 
were  no  significant  differences  between  the  RFR  and  sham  groups. 

There  were  also  no  significant  differences  between  groups  in  SD 
response  rates  for  9  weeks  of  exposure  at  3.6  W/kg  (9.2  mW/sq  cm).  The 
changes  in  weekly  rates  for  both  groups  were  marginally  significant  and 
the  intrasession  decline  in  rate  was  significant.  Regarding  the  Sd 
response  rates  (which  again  showed  sharp  intrasession  declines  for  both 
groups  during  baseline,  exposure,  and  recovery  periods),  analysis 
revealed  an  apparently  transient  difference  between  groups:  the  Sd 
response  rate  by  the  RFR  group  was  significantly  lower  than  for  the  sham 
group  only  for  blocks  2  and  3  of  the  first  exposure  week.  The  author 
indicated  that  similar  results  were  obtained  with  another  group  of  rats 


exposed  at  the  same  RFR  level. 

The  results  for  6  weeks  of  exposure  at  6.7  W/kg  (17.2  mW/sq  cm)  showed 
no  statistically  significant  differences  between  groups  in  overall  SD 
response  rates,  but  there  were  significant  block-dependent  differences 
between  the  groups.  Specifically,  the  SD  rates  of  both  groups  during 
blocks  1  and  3  did  not  change  significantly  week  by  week  and  differences 
between  groups  for  blocks  1,  3,  and  6  during  the  baseline  and  recovery 
periods  were  not  significant;  however,  the  SD  rate  of  the  RFR  group  for 
block  6  was  significantly  lower  than  the  block-6  rate  of  the  sham  group 
for  exposure-week  2  and  was  marginally  significantly  lower  for  exposure- 
weeks  1,  3,  and  4.  These  differences  were  ascribed  to  marked  reductions 
in  bar  pressings  near  the  end  of  behavioral  sessions  (blocks  4-6)  during 
those  weeks.  An  analysis  by  rat  showed  that  the  differences  between  SD 
rates  during  the  last  baseline  week  and  the  first  exposure  week  were  not 
significant,  showing  that  the  decline  was  gradual  rather  than  immediate. 

Regarding  the  Sd  rates  for  the  6.7-W/kg  ( 1 7 . 2-mW/sq-cm)  regimen,  there 
were  significant  intrasession  declines  (differences  in  successive  rates 
for  blocks  1,  3,  and  6)  for  both  groups  during  the  baseline  period,  with 
nonsignificant  intergroup  differences.  However,  the  Sd  rates  for  blocks 
1,  3,  and  6  of  the  RFR  group  declined  during  the  first  week  of  exposure, 
whereas  the  corresponding  rates  for  the  sham  group  rose  (for  unknown 
reasons),  yielding  significant  intergroup  differences  for  corresponding 
weeks  and  blocks.  After  3  weeks  of  exposure,  the  block-1  rate  rose  for 
the  RFR  group  and  declined  for  the  sham  group,  so  the  two  rates  became 
comparable  again  by  the  fifth  week  of  exposure.  The  block-3  rate  of  the 
sham  group  also  rose  at  the  beginning  of  the  exposure  regimen  and  later 
declined;  the  rate  for  the  RFR  group  concurrently  dropped  to  very  low 
values  but  showed  sharp  recovery  at  the  end  of  the  exposure  regimen. 

The  block-6  rates  of  both  groups  were  already  low  during  the  baseline 
period,  but  the  Sd  rate  of  the  RFR  group  dropped  to  almost  zero  during 
exposures,  with  only  slight  increases  seen  during  the  recovery  period. 

Based  on  the  negative  results  for  SD  and  Sd  at  1.5  W/kg  (3.9  raW/sq  cm) 
and  the  doubtfully  significant  decline  in  Sd  rate  at  3.6  W/kg  (9.2  mW/sq 
cm),  the  investigator  suggested  that  this  SAR  could  be  the  approximate 
threshold  for  modifying  the  rate  of  operant  responding  in  the  absence  of 
visual  cue  or  food  reinforcement.  About  the  results  at  6.7  W/kg  (17.2 
mW/sq  cm),  although  there  were  no  significant  differences  in  overall  SD 
response  rates  between  the  RFR  and  sham  groups,  the  decline  rate  of  the 
intrasession  SD  response  rate  of  the  RFR  group  was  higher  than  for  the 
sham  group.  By  contrast,  the  decline  of  the  weekly  and  intrasession  Sd 
rates  of  the  RFR  group  were  pronounced  during  exposure,  with  recovery  to 
control  levels  after  exposure. 

The  author  noted  that  6.7  W/kg  is  close  to  the  resting  metabolic  rate 
for  a  240-g  rat,  so  such  RFR  exposure  represented  a  virtual  doubling  of 
the  heat  dissipation  requirements  of  the  animal,  and  he  thus  concluded 
that  thermal  factors  were  likely  involved  in  the  observed  behavioral 
effects.  He  also  calculated  that  the  energy  deposited  in  the  rat  during 
each  pulse  exceeded  the  threshold  for  the  RFR-auditory  effect.  However, 


he  questioned  whether  the  loudness  perceived  by  the  rat  would  constitute 
an  adequate  acoustic  cue  or  how  the  presence  of  such  a  cue  could  account 
for  the  observation  that  the  major  decline  in  Sd  responding  was  gradual 
rather  than  immediate  with  the  onset  of  RFR  exposure.  He  then  indicated 
that  other  studies  with  CW  RFR  (manuscript  then  in  preparation)  yielded 
essentially  the  same  findings  as  those  reported  for  this  investigation. 

As  noted,  the  operant  data  for  each  rat  consisted  of  the  number  of  bar 
presses  during  each  of  the  6  blocks  or  pairs  of  cued  (SD)  and  uncued 
(Sd)  response  intervals  sequentially  numbered  1-6  daily.  However,  not 
clear  was  the  rationale  for  summing  the  responses  for  correspondingly 
numbered  blocks  to  obtain  weekly  block  totals  of  SD  and  Sd  responses  as 
the  "primary  descriptive  variables"  for  each  rat,  and  why  the  time- 
dependent  data  for  the  successive  blocks  during  daily  sessions  were  not 
described  or  treated  more  explicitly,  since  even  the  baseline  results 
indicated  intrasession  diminutions  of  both  SD  and  Sd  rates.  Despite  the 
extensive  statistical  treatment  of  the  data,  it  is  difficult  to  assess 
the  contribution  of  this  time-dependent  non-RFR  factor  to  the  results  of 
this  investigation.  However,  this  point  does  not  gainsay  the  existence 
of  the  RFR-induced  effects  discussed. 

In  a  later  study,  Lebovitz  (1983)  concurrently  sham-exposed  and  ex¬ 
posed  similarly  trained  groups  of  rats  to  CW  as  well  as  pulsed  1 . 3-GHz 
RFR,  (1-microsecond  pulses  at  600  pps).  Distinct  groups  of  15  rats  each 
were  used  for  exposures  to  the  CW  and  pulsed  RFR  (and  for  their  respec¬ 
tive  concurrent  sham-exposures).  Again,  the  rats  were  trained  initially 
to  bar  press  for  pellets  at  increasing  fixed-ratio  schedules  to  FR-5, 
and  then  were  trained  daily  on  a  multiple  schedule  that  started  with  a 
15-min  interval  (labeled  S+  instead  of  SD)  of  bar  illumination  and 
pellet  availability  at  FR-25,  followed  by  a  10-min  timeout  interval 
(labeled  S-  instead  of  Sd)  of  no  illumination  or  pellet  availability. 

As  in  the  previous  study,  each  session  consisted  of  6  contiguous  thus- 
paired  25-rain  periods,  which  were  numbered  1-6  sequentially. 

One  group  was  exposed  to  CW  RFR  at  5.9  W/kg  (15.2  mW/sq  cm).  The  S+ 
results  for  the  baseline  week  preceding  exposure  showed  a  trend  toward 
decreasing  response  rates  of  about  10%  from  period  1  to  period  6  for 
both  the  RFR-  and  concurrently-shara-exposed  groups  but  no  significant 
differences  between  the  groups.  The  S+  rates  of  both  groups  for  periods 
1  and  2  were  higher  for  the  week  of  exposure  than  for  the  corresponding 
periods  of  the  baseline  week,  and  both  groups  showed  a  downward  trend, 
but  the  RFR  group's  decline  in  response  rate  was  significantly  faster. 

Breakdown  of  those  results  by  operant  days  and  period  numbers  showed 
no  significant  differences  in  daily  period-1  response  rates  between 
groups  for  the  entire  2-week  (baseline  and  exposure)  duration.  However, 
the  daily  S  +  response  rates  of  the  RFR  group  for  periods  3  and  6  de¬ 
clined  significantly  during  the  first  3  days  of  exposure,  with  the  de¬ 
cline  for  period  6  sharper.  Recovery  occurred  during  the  last  2  days 
(to  values  comparable  with  those  of  the  sham  group). 

During  the  baseline  week,  the  S-  response  rates  of  this  RFR  group  were 


initially  higher  than  for  the  sham  group,  but  declined  faster  between 
period  4  and  period  5,  so  the  rates  for  the  2  groups  were  comparable  for 
periods  5  and  6.  During  the  week  of  exposure,  the  sham  group  exhibited 
higher  rates  for  periods  1  and  2  than  they  did  for  the  same  periods  of 
the  baseline  week,  and  approximately  the  same  rate  of  decline.  However, 
the  rates  of  the  RFR  group  dropped  sharply  for  periods  1-3  to  almost 
zero  for  periods  4-6. 

Breakdown  of  the  S-  results  by  operant  days  and  period  numbers  showed 
a  significant  decline  of  the  period-1  response  rates  for  the  RFR  group 
during  the  first  3  days  of  exposure,  followed  by  recovery  during  the 
last  2  days.  However,  the  response  rates  of  this  group  for  periods  3 
and  6  dropped  to,  and  remained  at,  extremely  low  values  for  the  entire 
exposure  week. 

For  a  group  exposed  to  pulsed  RFR  at  6.7  W/kg  (17.2  mW/sq  cm),  the 
response  rates  during  both  S+  and  S-  were  similar  to  those  with  CW  RFR 
at  5.9  W/kg  (15.2  mW/sq  cm).  (Equipment  limitations  did  not  readily 
permit  closer  match  of  SARs.)  The  author  noted  that  the  results  with 
pulsed  RFR  at  this  level  were  similar  to  those  obtained  in  the  previous 
study  with  pulsed  RFR  at  the  same  level  (Lebovitz,  1981),  and  that  the 
occurrence  of  similar  changes  in  S+  rates  with  CW  RFR  at  a  comparable 
SAR  showed  that  the  effect  was  not  ascribable  to  the  pulsed  character  of 
the  RFR. 

For  a  group  exposed  to  CW  RFR  at  3.6  W/kg  (9.2  mW/sq  cm),  the  S+  rates 
during  the  baseline  week  were  consistently  lower  than  those  for  the 
corresponding  sham  group,  but  the  rates  of  decline  for  periods  1-6  were 
essentially  the  same.  Also,  similar  results  were  obtained  for  the  week 
of  exposure  except  that  the  initial  (period-1)  response  rates  for  both 
groups  were  higher  than  the  initial  rates  for  the  baseline  week.  The  S- 
rates  of  the  RFR  group  were  consistently  higher  than  those  of  the  sham 
group  for  the  baseline  week,  but  with  comparable  rates  of  decline,  thus 
yielding  no  significant  differences  between  the  groups.  The  S-  results 
for  the  week  of  exposure  showed  that  the  response  rates  of  the  RFR  group 
were  consistently  higher  than  of  the  sham  group;  the  response  rates  of 
both  groups  declined  for  periods  1-6,  but  the  decline  was  significantly 
faster  for  the  RFR  group.  These  results  were  again  consonant  with  those 
of  the  previous  study. 

Separate  groups  of  5  rats  each  were  used  to  determine  core-temperature 
rises  due  to  RFR-exposure .  Each  rat  was  exposed  in  the  waveguide  for  1 
or  3  hr  and  its  rectal  temperature  was  measured  just  before  insertion 
and  again  within  10  min  after  its  removal.  Exposures  to  CW  or  pulsed 
RFR  at  about  3.5  W/kg  (9.0  mW/sq  cm),  approximately  the  threshold  for 
the  behavioral  effects  above,  yielded  no  significant  differences  in 
rectal-temperature  changes  as  compared  with  rats  sham-exposed  for  the 
same  durations.  However,  exposures  at  about  6.3  W/kg  (16.2  mW/sq  cm), 

CW  or  pulsed,  yielded  increases  of  0.5  to  1  deg  C,  with  no  significant 
duration-dependent  differences. 

As  was  true  for  the  previous  investigation,  the  engineering  aspects 
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were  excellent,  and  the  statistical  treatment  of  the  data  provided  a 
sound  basis  for  the  conclusions  reached.  Moreover,  the  presentation  of 
the  data  at  5.9  W/kg  (CW)  by  operant  days  (a  format  lacking  in  the  pre¬ 
vious  paper)  provided  greater  insight  into  the  time-dependent  aspects  of 
the  results.  Especially  noteworthy  was  that  the  daily  S+  response  rates 
for  period  1  were  not  significantly  affected  by  the  entire  week  of  expo¬ 
sure  to  RFR  and  that  the  declines  in  these  rates  occurred  progressively 
in  the  subsequent  periods  of  each  session.  Also  more  clearly  evident 
were  the  virtually  immediate  sharp  declines  in  S-  response  rates  for  all 
periods  at  the  onset  of  RFR  exposure.  In  the  absence  of  light  cue  and 
pellet  rewards,  it  is  possible  that  the  rats  were  thoroughly  confused  by 
the  presence  of  the  RFR.  Another  possibility,  suggested  by  the  author, 
was  that  without  such  reinforcement,  the  rats  endeavored  to  reorient 
themselves  so  as  to  redistribute  the  thermal  burden  added  by  the  RFR. 


As  indicated  by  the  author,  the  thermal  basis  for  the  behavioral 
changes  observed  is  evident,  with  a  threshold  SAR  of  about  3.5  W/kg  (9.0 
mW/sq  cm)  irrespective  of  whether  the  RFR  is  CW  or  pulsed.  Also,  even 
though  the  pulse  width  (1  microsecond)  and  peak  power  density  (estimated 
to  be  about  28.7  W/sq  cm)  were  sufficient  to  produce  the  RFR-auditory 
effect,  there  was  little  doubt  that  perception  of  the  pulses  as  sound 
(if  it  occurred)  was  not  a  factor  in  the  results  obtained. 
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3 . 7 . 1 . 2  NONHUMAN  PRIMATES 


Galloway  (1975)  studied  the  effects  of  2.45-GHz  CW  RFR  on  the  dis¬ 
criminative  performance  of  four  male  rhesus  monkeys  (mean  body  weight  5 
kg)  trained  to  obtain  food  pellets  by  responding  correctly  to  one  or 
more  of  three  horizontally-arrayed  lever-equipped  stimulus  panels  when 
the  panels  were  selectively  illuminated  with  light  (white  or  specific 
color).  Prior  to  the  study,  the  monkeys  were  adapted  to  restraint  and 
trained  on  several  multiple  variable-interval  schedules  of  reinforcement 
and  extinction.  Galloway  (1975)  also  studied  the  effects  of  the  RFR  on 
two  other  rhesus  monkeys  in  a  repeated-acquisition  behavioral  paradigm. 
The  experimental  sessions  were  conducted  daily,  each  lasting  until 
either  60  pellets  were  delivered  or  120  min  elapsed. 

For  RFR-exposure ,  an  applicator  was  held  close  to  each  monkey's  head 
by  a  copper-lined  fitted  plastic  helmet.  The  author  estimated  the  power 
absorbed  by  the  head  by  subtracting  reflected  power  from  forward  power. 
The  integral  dose  rates  used  were  5,  10,  15,  20,  and  25  W.  Mean  SARs 
for  the  head  can  be  estimated  roughly  by  dividing  these  dose  rates  by  a 
representative  head  mass,  0.75  kg  (15X  of  the  body  mass),  which  yielded 
7,  13,  20,  27,  and  33  W/kg. 

In  the  discrimination  study,  the  RFR  was  administered  just  before  each 
behavioral  session  for  2  rain  but  was  terminated  sooner  if  the  monkey 
began  to  convulse.  Convulsions  occurred  for  each  exposure  at  25  W  (33 
W/kg)  and  frequently  at  15  W  (20  W/kg).  During  a  9-month  period,  each 
monkey  was  exposed  at  least  twice  at  each  level.  In  addition,  three  of 
the  monkeys  were  exposed  to  the  RFR  at  10  W  (13  W/kg)  throughout  five 
consecutive  daily  1-hr  behavioral  sessions  on  a  2-rain-on,  1-min-off 
schedule,  totaling  40  min/day  of  exposure.  No  significant  effects  of 
either  exposure  regimen  on  discriminative  behavior  were  evident. 


In  the  repeated-acquisition  study,  all  three  panels  were  illuminated 
concurrently  by  one  of  four  stimuli:  green,  red,  or  yellow  light  or  a 
horizontal  white  line  on  a  green  background,  in  the  following  "fixed- 
ratio"  (FR)  procedure.  To  obtain  a  pellet,  each  monkey  was  required  to 
press  the  correct  lever  for  each  stimulus  (e.g.,  left  lever  for  green 
light,  right  lever  for  yellow  light,  center  lever  for  red  light  or 
horizontal  white  line)  in  a  sequence  of  four  presses  for  each  trial. 
Each  stimulus  was  changed  only  after  a  correct  response  was  made.  The 
press  of  an  incorrect  lever  yielded  a  15-second  timeout,  during  which  a 
vertical  white  line  was  superposed  and  any  lever  presses  had  no  effect. 
Sessions  consisting  of  60  trials  each  were  conducted  daily  for  39  days 
before  exposure,  with  the  correct  sequence  changed  each  day. 


During  a  100-day  series,  the  monkeys  were  exposed  at  least  twice  at 
10,  15,  20,  and  25  W  (13,  20,  27,  and  33  W/kg)  immediately  before  a 
session  for  2  min  or  until  convulsions  began,  which  occurred  for  each 
exposure  at  20  and  25  W.  The  results  for  each  60-trial  session  just 
preceded  by  RFR  exposure  were  divided  into  6  sequential  blocks  of  10 
trials  each,  to  elicit  whether  learning  had  occurred  during  the  session, 
and  the  total  number  of  errors  per  block  was  displayed  for  each  power 
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level.  The  mean  and  range  of  performance  per  block  for  sessions  on  each 
day  preceding  exposure  were  presented  for  comparison.  The  results  for 
the  latter  showed  a  slight  learning  trend  (decreasing  mean  number  of 
errors  per  successive  block),  but  the  differences  were  too  small, 
relative  to  the  block  ranges,  to  ascribe  statistical  significance.  This 
was  also  true  for  the  results  at  all  power  levels  except  25  W  (33  W/kg), 
for  which  the  number  of  errors  in  the  first  block  was  close  to  the  top 
of  the  control  range  for  that  block.  However,  the  mean  numbers  of 
errors  for  the  next  five  blocks  did  not  differ  markedly  from  their 
respective  control  means.  Thus,  except  possibly  for  the  25-W  first- 
block  result  noted,  the  RFR  had  no  effect  on  this  FR  paradigm. 

In  the  FR  procedure  above,  a  monkey  was  always  rewarded  if  it  pressed 
the  same  fourth  lever  in  the  fixed  correct  sequence  in  the  trials,  e.g., 
the  center  lever  if  the  correct  sequence  were  left,  right,  left,  center. 
Therefore,  in  the  other  series  performed,  the  task  was  not  changed,  but 
a  variable-ratio  (VR)  paradigm  was  used,  in  which  the  reinforcement  was 
delivered  at  random  points  within  the  sequence.  The  two  monkeys  were 
trained  on  this  procedure  for  37  days,  after  which  they  were  exposed  to 
an  RFR  series  similar  to  the  previous  one.  The  results  were  presented 
in  time-sequential  blocks  as  before.  At  25  W  (33  W/kg),  the  mean  number 
of  errors  for  the  first  block  was  well  above  the  control  range  for  that 
block,  and  was  close  to  the  top  of  the  control  ranges  for  the  succeeding 
blocks,  a  clear  indication  that  the  RFR  had  caused  a  significant  deficit 
in  performance  that  was  largely  overcome  by  learning.  The  results  for 
sequential  blocks  at  each  of  the  lower  power  levels  were  all  within 
their  respective  control  ranges.  Since  convulsions  were  caused  by  brief 
exposures  at  25,  20,  and  less  frequently  at  15  W,  it  is  surprising  that 
the  behavioral  responses  of  the  monkeys  were  not  disrupted  severely. 

Cunitz  et  al.  (1975)  trained  two  male  rhesus  monkeys  (body  weights  3 
and  5  kg)  on  a  four-choice,  forced-choice  serial  reaction  program.  The 
head  of  the  subject  was  inserted  through  a  hole  in  the  bottom  of  a 
right-circular  cylindrical  cavity  having  a  loaded  resonant  frequency  of 
383  MHz,  with  the  subject  facing  a  diamond  array  of  light  pipes  mounted 
in  the  cavity  sidewall.  The  subject  was  required  to  move  a  lever  to  the 
left,  right,  up,  or  down  in  response  to  lighting  of  the  corresponding 
pipe.  Criterion  performance  required  100  correct  lever  movements  to 
obtain  a  food  pellet.  During  criterion  performance,  the  stimuli  were 
presented  in  random  order.  Correct  responses  produced  immediate  changes 
in  stimulus  and  presentation  of  a  1-kHz  tone  for  0.75  second.  Incorrect 
responses  produced  3-second  timeouts  during  which  all  stimulus  lights 
were$xtinguished  and  lever  movements  had  no  consequences. 


For  each  session,  the  subject  was  placed  in  a  restraining  chair  (with 
its  head  in  the  cavity)  for  60  min  prior  to  the  start  of  the  behavioral 
program,  which  also  lasted  for  60  rain  or  was  terminated  sooner  if  the 
monkey  obtained  its  entire  daily  food  ration.  Sessions  without  RFR  were 
conducted  until  the  number  of  errors  per  day  was  less  than  21  of  the 
total  number  of  responses  on  five  successive  days  (which  required  285 
days  for  one  monkey  and  255  days  for  the  other).  Each  monkey  was  then 
successively  exposed  to  the  383-MHz  (CW)  RFR  at  integral  dose  rates  of 
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0.001,  0.01,  0.1,  1.0,  10.0,  and  15.0  W.  In  addition,  the  heavier  (5- 
kg)  monkey  was  exposed  at  17.5  W.  Based  on  head  masses  of  0.45  and  0.75 
kg  (15X  of  the  respective  body  masses),  the  authors  estimated  the  mean 
head  SARs  to  range  from  0.0022  to  33  W/kg  for  the  3-kg  monkey  and  0.0013 
to  23  W/kg  for  the  5-kg  one.  The  monkeys  were  exposed  during  the  entire 
session  (including  the  60  min  prior  to  start  of  the  behavioral  program) 
for  five  successive  days  at  each  level,  and  were  allowed  2-7  days  for 
recovery  of  baseline  performance,  with  interspersed  sessions  of  sham- 
exposure,  before  the  dose  rate  was  increased. 

Exposures  at  less  than  10  W  had  no  effect  on  the  performance  of  either 
monkey.  For  the  3-kg  monkey,  the  correct-response  rate  (the  number  of 
correct  responses  divided  by  the  session  duration  in  min)  decreased 
sharply  during  the  first  three  days  at  10  W  (22  W/kg)  and  recovered  only 
partially  on  the  fourth  and  fifth  days  and  the  subsequent  sham-exposure 
sessions;  the  drop  was  very  severe  (almost  to  zero  on  the  fifth  day)  at 
15  W  (33  W/kg),  with  recovery  to  about  one-third  of  the  baseline  rates 
during  the  subsequent  sham-exposure  sessions.  The  performance  of  the  5- 
kg  monkey  was  not  affected  significantly  at  15  W  (20  W/kg).  At  17.5  W 
(23  W/kg),  its  performance  dropped  sharply,  but  recovered  to  baseline 
levels  in  the  subsequent  sham-exposure  sessions,  i.e.,  the  effect  was 
reversible.  The  authors  noted  that  the  lowest  head  SARs  for  diminished 
performance  by  the  two  monkeys  were  comparable:  22  and  23  W/kg. 

Since  the  3-kg  monkey  did  not  recover  to  baseline  performance  follow¬ 
ing  exposure  at  15  W,  it  was  euthanized.  Ho  abnormalities  were  found  in 
its  brain  under  gross  or  light-microscopic  examination. 

Scholl  and  Allen  (1979)  trained  three  male  rhesus  monkeys  (6.2,  7.9, 
and  6.4  kg)  for  18-36  months  in  a  visual-tracking  task  that  required 
each  monkey,  while  in  a  Plexiglas  restraining  chair,  to  move  a  lever  so 
as  to  maintain  a  continuously  moving  spot  within  a  predetermined  clear 
area  on  the  screen  of  a  10-cra-d iaraeter  cathode-ray-tube  display  monitor. 
The  spot  was  electronically  moved  by  three  summed  sinusoids  of  frequen¬ 
cies  0.05,  0.111,  and  0.37  Hz  at  amplitude  ratios  2:2:1,  and  lever  re¬ 
sponses  by  the  monkey  generated  continuous  difference  signals  (errors). 
The  clear  on-target  area  consisted  of  the  center  151  of  the  screen, 
which  was  surrounded  by  a  35Z  area  of  light  blue;  the  remaining  25Z  on 
each  side  was  dark  blue.  For  each  1  second  accumulated  outside  the 
clear  on-target  area,  the  subject  received  a  0.1-second  electric  shock. 


Following  training,  the  monkeys  were  exposed  to  horizontally  polar¬ 
ized,  1.2-GHz  CW  RFR  at  10  and  20  raW/sq  cm  (at  the  center  of  the  head  in 
the  absence  of  the  monkey)  for  2  hr  per  day  at  two-day  intervals  until 
each  monkey  was  exposed  for  120  min  at  each  level.  This  polarization 
and  frequency  were  chosen  to  provide  half-wave  resonant  absorption  in 
the  monkey  head.  (Nonexposure  runs  were  conducted  on  alternate  days  to 
test  for  24-hr  carryover,  but  none  occurred).  The  corresponding  SARs  in 
the  head  were  0.8  and  1.6  W/kg.  Each  daily  session  consisted  of  40  1.5- 
rain  work  trials  alternating  with  40  1.5-rain  rest  periods.  Baseline  runs 
were  conducted  for  26  consecutive  days  to  ensure  performance  stability, 
and  the  results  of  the  last  six  runs  were  used  for  statistical  analysis. 
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The  endpoint  scored  was  the  adjusted  root  mean  square  (ARMS)  of  the 
tracking  error  for  each  trial,  expressed  as  a  percentage  of  the  total 
target  area.  The  95X  simultaneous  confidence  limits  were  calculated  for 
each  monkey's  baseline  runs  and  the  ARMS  were  plotted  for  each  of  the  40 
trials  in  each  2-hr  session  during  RFR  exposure  at  each  level.  Of  720 
data  points  collected  during  a  total  of  36  hr  of  RFR,  only  four  points 
were  outside  the  confidence  limits,  fewer  than  expected  by  chance. 


I 


De  Lorge  (1976)  first  trained  five  male  rhesus  monkeys  to  respond  on 
an  auditory  vigilance  task  and  then  exposed  each  frontally  in  a  Styro¬ 
foam  restraining  chair  to  vertically  polarized,  far-field  120-Hz-modula- 
ted  2.45-GHz  RFR  within  an  anechoic  chamber  at  ambient  temperature  21-24 
deg  C  and  relative  humidity  55-70X.  Superposed  in  some  experiments  were 
0.1-second  pulses  at  1  Hz,  but  the  peak  power  densities  were  not  given. 

Relative  power-density  measurements  were  made  at  the  levels  of  the 
head,  chest,  and  abdomen  (with  the  monkey  absent).  The  results  indica¬ 
ted  that  the  highest  relative  values  were  at  head  level,  which  were 
roughly  SOX  higher  than  at  trunk  levels.  The  mean  power  densities  given 
below  are  for  the  head.  Head-  or  whole-body  SARs  were  not  determined. 
However,  the  whole-body  SAR  for  a  prolate-spheroidal  model  of  a  sitting 
rhesus  monkey  at  2.45  GHz  in  the  E-polarization  (frontal  exposure)  is 
about  0.07  W/kg  per  mW/sq  cm  (Durney  et  al.,  1978,  p.  87).  Using  the 
50X  factor  above  would  yield  a  head  SAR  of  roughly  0.1  W/kg  per  mW/sq 
cm.  The  SARs  shown  below  in  parentheses  are  based  on  this  assumption. 

Prior  to  exposure,  each  monkey  was  food-deprived  to  maintain  it  at  90- 
100X  of  its  free-feeding  weight  and  was  trained  in  a  Plexiglas  chair  for 
70  sessions  to  perform  a  vigilance  or  observing-response  task.  In  this 
task,  the  monkey  was  to  press  a  Teflon  lever  in  front  of  its  right  arm, 
which  produced  either  a  1070-Hz  tone  for  0.5  second  to  signal  that  no 
food  pellet  will  be  delivered,  or  a  2740-Hz  tone  that  remained  on  until 
the  monkey  pressed  a  lever  in  front  of  its  left  arm,  which  produced  a 
pellet  and  extinguished  the  2740-Hz  tone. 

Food  was  available  on  a  variable-interval  30-second  (VI  30  s)  schedule 
during  1-hr  sessions  and  on  a  VI-60-s  schedule  during  2-hr  sessions.  In 
these  schedules,  the  time  intervals  between  availability  of  pellets  were 
varied  during  the  session  but  the  intervals  averaged  30  and  60  seconds, 
respectively.  For  example,  under  the  VI-30-s  schedule,  presses  of  the 
right  lever  would  produce  the  high  tone  once  about  every  30  seconds  and 
the  low  tone  at  other  times.  A  left-lever  response  while  the  high  tone 
was  present  yielded  a  pellet.  However,  a  left-lever  response  at  other 
times  caused  a  10-s  period  during  which  right-lever  presses  only  yielded 
the  low  tone,  which  inhibited  extraneous  left-lever  responses. 

After  stable  behavior  was  achieved  and  122  subsequent  sessions  on  the 
VI-30-s  schedule  were  performed,  1-hr  test  sessions  on  the  VI-30-s 
schedule  were  conducted  on  each  of  the  5  monkeys,  during  which  it  was 
exposed  to  the  pulsed  RFR  at  4  or  16  mW/sq  cm  (0.4  or  1.6  W/kg)  for  30 
rain.  Similar  sessions  were  conducted  with  the  unpulsed  RFR  and  with  no 
RFR.  No  effect  on  the  performances  of  the  monkeys  was  obtained  for  the 
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unpulsed  or  pulsed  RFR  at  either  power  density.  These  negative  results 
led  to  use  of  only  the  unpulsed  RFR  and  of  the  VI-60-s  schedule  during 
2-hr  test  sessions  for  the  remainder  of  the  study.  Only  three  of  these 
monkeys  were  used  for  the  2-hr  tests,  during  which  they  were  exposed  at 
16,  32,  42,  52,  62,  or  72  mW/sq  cm  for  60  min.  In  addition,  one  of  them 
was  exposed  at  16  mW/sq  cm  for  entire  2-hi  test  sessions.  During  some 
of  the  sessions,  colonic  temperatures  were  measured. 

Exposures  of  the  three  monkeys  at  16  mW/sq  cm  (1.6  W/kg)  for  1  hr  or 
the  monkey  for  2  hr  had  no  differential  effect  on  their  behavior. 

Colonic  temperatures  at  this  power  density  were  measured  on  only  one 
monkey,  and  the  mean  value  did  not  differ  significantly  from  control 
values . 


Colonic  temperatures  were  measured  on  all  three  monkeys  during  1-hr 
exposures  at  32,  42,  52,  62,  and  72  mV/sq  cm.  During  exposure  at  62 
mW/sq  cm  (6.2  W/kg)  or  lower  levels,  increases  of  about  0.3-  to  1.0  deg 
C  to  plateaus  indicative  of  thermal  equilibrium  were  obtained  in  all 
three  monkeys.  At  the  end  of  exposure  at  72  mV/sq  cm  (7.2  W/kg),  the 
increases  were  about  2  deg  C,  but  the  temperatures  continued  to  rise, 
thus  precluding  studies  at  higher  power  densities. 


The  performances  on  the  VI-60-s  schedule,  as  measured  by  the  right- 
lever  response  rate,  showed  no  significant  departures  from  control  rates 
for  all  three  monkeys  up  to  52  mW/sq  cm  (5.2  W/kg)  and  for  two  of  them 
at  62  mW/sq  cm  (6.2  W/kg).  The  mean  performance  of  the  third  monkey  at 
the  higher  level  was  about  80X  of  its  mean  control  performance.  At  72 
mW/sq  cm  (7.2  W/kg),  all  three  monkeys  performed  at  about  50X  of  their 
control  values.  Typically,  a  monkey  at  72  mW/sq  cm  accelerated  its 
movements  in  the  chair  after  about  20  rain  of  exposure,  take  short  naps 
after  about  30  min,  and  sometimes  appear  to  be  deep  asleep,  with 
resumption  of  activity  about  10  min  after  cessation  of  exposure. 


Latency  time  for  a  pellet-producing  left-lever  response  (reinforcement 
reaction  time)  was  not  significantly  increased  in  two  of  the  monkeys  up 
to  62  mW/sq  cm  (6.2  W/kg).  For  the  third  monkey,  the  latency  time 
increased  by  about  20X  at  52  and  62  mW/sq  cm.  At  72  mW/sq  cm  (7.2 
W/kg),  the  mean  latency  time  of  this  animal  was  about  800X  of  control 
values.  The  corresponding  values  for  the  other  two  were  200X  and  130X. 


These  results  suggest  that  the  monkeys  reacted  to  subtle  body  heating 
by  the  RFR  at  the  higher  power  densities  and  that  their  performances 
were  diminished  because  of  such  heat.  Their  behavior  was  further 
inhibited  for  about  10  rain  after  cessation  of  the  RFR,  more  so  for  the 
higher  than  the  lower  power  densities.  Such  observations  led  the  author 
to  suggest  that  this  postexposure  behavior  may  have  been  related  to  the 
relatively  larger  colonic-temperature  drops  after  removal  of  the  higher 
RFR  levels.  He  surmised:  "When  the  microwave  energy  was  removed  and  the 
heat  could  be  more  rapidly  dissipated,  it  is  as  if  a  cooling  stimulus 
appeared  and  behavior  was  further  inhibited." 


The  monkeys  were  also  given  standard  physical  examinations,  including 
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ophthalmoscopy  before  and  after  each  series  of  exposures.  No  clinically 
detectable  abnormalities  in  eye  structure  or  blood  chemistry  (no  data 
presented)  were  found  in  any  of  the  five  monkeys. 

In  another  study,  de  Lorge  (1979)  maintained  four  male  squirrel  mon¬ 
keys  at  74-771  of  free-feeding  body  mass.  Each  was  initially  trained, 
in  1-hr  sessions,  to  press  either  the  right  or  the  left  of  2  Teflon 
levers  on  top  of  the  chair  to  obtain  a  food  pellet.  Red  and  blue  incan¬ 
descent  lights  in  front  of  the  monkey  were  turned  on  alternately  with 
each  lever  press.  After  each  animal  pressed  one  or  both  levers  consis¬ 
tently  during  at  least  3  sessions,  the  contingencies  were  changed  so 
that  a  left-lever  press  only  during  blue-light  illumination  was 
rewarded;  depression  of  the  right  lever  continued  to  alternate  the  red 
and  blue  lights. 

Training  progressed  in  stages,  during  subsequent  sessions,  each  stage 
consisting  of  increasing  the  number  of  right-lever  responses  needed  to 
turn  on  the  blue  light.  The  end  result  was  performance  on  a  schedule  in 
which  each  right-lever  response  yielded  either  0.5  second  of  red  light 
or  10  seconds  of  blue  light.  Only  a  left-lever  press  during  the  latter 
yielded  a  pellet.  The  blue  light  occurred  on  an  average  of  once  per  min 
(a  variable  interval  of  1  min,  or  VI-1-min  schedule)  contingent  on  a 
right-lever  response. 

After  stable  behavior  was  achieved,  each  monkey  was  exposed  from  above 
.in  a  Styrofoam  restraining  chair  within  an  anechoic  chamber  at  ambient 
temperature  of  23  deg  C  to  far-field,  120-Hz-modulated  (100%),  2.45-GHz 
RFR  at  constant  power  density  in  the  range  10-70  mW/sq  cm  in  10-mW/sq-cm 
increments.  SARs  were  not  determined,  but  are  estimated  from  a  prolate- 
spheroidal  model  in  the  K-polarization  (Durney  et  al.,  1978,  p.  88)  as 
about  0.05  W/kg  per  raW/sq  cm. 

The  exposures  were  done  daily  during  the  middle  30  min  of  1-hr  testing 
sessions,  with  the  other  15-rain  periods  providing  baseline  data.  Twenty 
such  sessions  were  conducted  without  rectal-temperature  measurements. 
Sham  exposures  were  conducted  between  sessions  at  each  power  density. 

The  next  21  RFR-exposure  sessions  were  similar  but  included  rectal-tem¬ 
perature  measurements  with  a  commercial  probe.  (Field  perturbation  of 
or  by  the  probe  was  discounted  because  the  RFR  was  incident  from  above 
the  head . ) 

For  the  remaining  53  sessions,  only  three  of  the  monkeys  were  tested, 
the  session  duration  was  2  hr,  and  the  exposures  were  for  the  middle  60 
min.  The  number  of  sessions  at  each  power  density  ranged  from  2  to  5, 
with  sham-exposures  between  sets.  The  order  of  exposure  with  respect  to 
power  density  was  varied,  but  most  exposures  at  60  and  70  mW/sq  cm  (3.0 
and  3.5  W/kg)  were  done  near  the  end  of  the  sequence,  and  the  last  three 
sessions  involved  exposures  at  75  mW/sq  cm  (3.75  W/kg).  Neither  of  the 
RFR-exposure  regimens  caused  any  obvious  permanent  physical  changes  in 
any  of  the  monkeys.  Rectal  temperatures  were  measured  in  all  sessions. 

Behavioral  results  for  the  30-min  exposures  without  rectal-temperature 


probes  were  similar  to  those  with  such  probes.  Among  the  variety  of 
performance  measures  on  the  observing-response  task,  only  the  right- 
lever-response  rate  indicated  an  RFR-induced  change.  This  measure, 
expressed  in  percentage  of  mean  control  value,  showed  a  slight  trend 
toward  lower  rates  with  increasing  power  density  to  a  minimum  of  about 
90X  at  60  mW/sq  cm  (3.0  W/kg)  and  a  slightly  higher  value  (92X)  at  70 
mW/sq  cm  (3.5  W/kg).  However,  the  mean  response  rate  (X)  was  never 
larger  than  one  standard  deviation  from  100X. 

A  recurring  effect  on  response  rate  was  a  cessation  of  responses 
within  30  seconds  of  commencement  or  termination  of  RFR  exposure  even 
though  no  mechanical  vibrations  or  audible  noises  were  detected  by  the 
author  at  such  times.  The  "on-effect"  was  noticed  first  in  one  monkey 
at  40  mW/sq  cm  (2.0  W/kg)  but  was  less  evident  at  higher  levels.  The 
"off-effect"  did  not  occur  consistently  in  all  animals  except  at  70 
mW/sq  cm  (3.5  W/kg),  where  the  pause  was  more  pronounced  than  for  the 
on-effect . 

The  preexposure  mean  rectal  temperature  was  38.8  +/-  0.3  deg  C,  or  0.8 
deg  C  lower  than  the  norm  for  the  restrained  squirrel  monkey,  presumably 
due  to  extensive  chairing  and  handling.  The  mean  rectal-temperature 
rise  (difference  between  temperatures  at  termination  and  initiation  of 
exposure)  for  the  30-min  exposures  showed  a  highly  significant  (p<0.001) 
linear  trend  from  sham  exposure  to  70  mW/sq  cm  (3.5  W/kg).  However,  the 
differences  between  the  mean  for  sham-exposure  and  the  means  for  power 
densities  to  30  mW/sq  cm  (1.5  W/kg)  were  not  significant  (p>0.05),  but 
those  for  50,  60,  and  70  mW/sq  cm  (2.5,  3.0,  and  3.5  W/kg)  significantly 
differed  from  each  other  and  from  those  below  40  mW/sq  cm  (2.0  W/kg). 

Presumably  but  not  explicitly  stated,  the  temperatures  at  termination 
of  RFR-exposure  were  plateau  values  reached  before  the  end  of  the  expo¬ 
sure  period.  However,  sham-exposures  yielded  small  temperature  rises 
(0.36  +/-  0.13  deg  C)  with  no  indication  of  plateaus,  which  compounded 
the  difficulty  of  removing  the  possible  contributions  of  restraint  to 
the  results  for  RFR-exposure. 

The  mean  rectal-temperature  rises  for  the  1-hr  exposures  at  30  mW/sq 
cm  (1.5  W/kg)  or  less  (during  the  2-hr  test  sessions)  were  lower  than 
those  for  the  30-min  exposures  (during  the  1-hr  sessions)  at  the  corres¬ 
ponding  levels,  an  indication  that  the  contributions  from  restraint  per 
se  were  smaller  during  the  longer  than  the  shorter  exposures. 

The  plots  of  mean  rectal-temperature  rise  (on  a  logarithmic  scale)  vs 
power  density  (on  a  linear  scale)  for  the  three  monkeys  exposed  for  1  hr 
showed  qualitatively  similar  nonmonotonic  increases  for  power  densities 
up  to  about  40  mW/sq  cm  (2.0  W/kg),  an  abrupt  shift  upward  between  40 
and  50  mW/sq  cm  (2.5  W/kg),  and  raonotonic  increases  for  the  higher  power 
densities.  The  author  surmised  that  the  monkeys  could  equilibrate  to 
the  heat  loads  below  50  mW/sq  cm  but  that  the  animals  were  not  able  to 
dissipate  the  heat  loads  at  higher  levels  within  the  60-  min  exposure 
periods.  The  temperature  rises  at  75  mW/sq  cm  (3.75  W/kg)  were  close  to 
lethality,  so  exposure  was  terminated  whenever  a  monkey's  temperature 


exceeded  42.5  deg  C. 

The  general  behavioral  effects  of  1-hr  exposures  were  similar  to  those 
of  30-min  exposures  but  were  more  pronounced.  No  consistent  behavioral 
changes  occurred  below  50  mW/sq  cm  (2.5  W/kg);  above  that  level,  the 
effects  increased  with  power  density.  The  right-lever-response  rate  vs 
power  density  varied  widely  among  the  three  animals,  but  at  60  mV/sq  cm 
(3.0  W/kg),  all  showed  decrements  to  about  60Z  of  control  values. 

Two  monkeys  exhibited  only  the  off-effect  (pauses  following  RFR-expo- 
sure  termination).  The  third  monkey  exhibited  the  on-effect  (pauses  on 
initiation  of  exposure)  as  well.  Occasionally,  this  monkey  would  also 
respond  by  spuriously  pressing  both  levers  simultaneously,  precluding 
reinforcement,  but  evidently  such  responses  were  not  RFR-induced  because 
they  also  occurred  during  control  sessions.  Pauses  in  the  off-effect, 
which  were  longer  than  those  for  the  on-effect,  were  ascribed  to  the 
larger  differential  rates  of  rectal-temperature  change  at  the  end  than 
at  the  beginning  of  exposure.  An  effect  similar  to  the  off-effect  was 
observed  in  the  earlier  study  with  the  rhesus  monkey  exposed  frontally 
(de  Lorge,  1976). 

Below  60  raW/sq  cm  (3.0  W/kg),  there  were  no  large  differences  from  the 
control  values  of  the  time  delay  in  food-lever  response  when  food  was 
available  (reinforcement  reaction  time),  but  large  increases  were  seen 
above  that  level,  with  wide  differences  among  the  animals. 

One  other  effect,  obvious  in  only  one  monkey,  was  a  reliable  increase 
in  the  number  of  incorrect  left-lever  responses  with  power  density. 

Other  behavioral  indices,  including  post-reinforcement  time  and  left- 
lever-response  rate,  showed  no  consistent  RFR-induced  changes. 

The  author  concluded  that  the  behavioral  changes  observed  were  tempo¬ 
rary  and  obviously  related  to  hyperthermia,  with  consistent  results  when 
the  rise  in  rectal  temperature  exceeded  1  deg  C,  corresponding  to  a 
power-density  threshold  between  40  and  50  raW/sq  cm  (2.0  and  2.5  W/kg). 

He  also  obtained  similar  results  with  the  rhesus  monkey  tested  for  the 
same  behavioral  task  during  exposure  to  2.45-GHz  RFR,  but  with  a  thresh¬ 
old  10  to  20  raW/sq  cm  highe.  (de  Lorge,  1976),  and  suggested  that  RFR- 
induced  behavioral  changes  in  different  species  may  be  scaled  on  the 
basis  of  body  mass.  Regarding  the  on-effect  and  the  off-effect,  it  is 
possible  that  the  pauses  by  the  monkeys  were  behavioral  responses  to 
sensory  cues  of  sudden  onset  or  removal  of  a  heat  source. 

The  findings  of  this  study  with  the  squirrel  monkey,  reinforced  by  the 
similar  results  with  the  rhesus  monkey  (de  Lorge,  1976),  are  important 
because  the  performance  measurements  of  a  complex  behavioral  task  during 
exposure  to  RFR  were  carried  out  with  two  species  much  closer  to  human 
physiology  and  intelligence  than  the  laboratory  animals  more  commonly 
used,  and  because  reasonably  accurate  power-density  thresholds  for  each 
species  were  determined. 

In  a  more  recent  study,  de  Lorge  (1984)  similarly  trained  each  of  five 


male  rhesus  monkeys,  food-deprived  to  92X  of  their  normal  body  masses, 
to  perform  a  task  in  which  the  monkey  was  to  press  a  lever  in  front  of 
its  right  hand  (an  observing  response),  which  produced  either  a  0.7- 
second  low  tone  (860-1000  Hz)  to  indicate  that  no  food  pellet  will  be 
delivered,  or  a  high  tone  (1250-3703  Hz)  lasting  up  to  1.2  seconds  to 
signify  the  availability  of  a  food  pellet.  If  the  monkey  pressed  a 
lever  in  front  of  its  left  hand  while  the  high  tone  was  on  (a  detection 
response),  the  tone  would  stop  and  a  pellet  would  be  delivered.  A  left- 
lever  response  at  other  times  produced  a  5-second  interval  during  which 
right-lever  presses  yielded  only  the  low  tone.  If  the  left  lever  were 
not  pressed  during  1.2  seconds  of  the  high  tone,  the  tone  ceased  and  the 
reinforcement  schedule  would  recycle.  No  tones  were  presented  without  a 
lever  press,  and  right-lever  presses  during  the  presence  of  either  tone 
had  no  consequences. 

The  low  tone  was  sounded  most  frequently  and  the  high  tone  was  de¬ 
livered  randomly  at  an  average  of  about  once  every  30  seconds.  Rein¬ 
forcement  was  at  random  intervals  of  about  1  min  initially,  and  were 
shorter  as  the  responses  of  the  monkeys  became  more  efficient. 

After  several  sessions  of  stable  performance  on  the  task  had  occurred, 
each  monkey,  seated  in  a  Styrofoam  restraining  chair,  was  frontally 
exposed,  during  1-hr  sessions,  to  vertically  polarized  225-MHz  CW  RFR, 

1 . 3-GHz  pulsed  RFR,  or  5.8-GHz  pulsed  RFR,  225  MHz  being  near  whole-body 
resonance  and  the  other  two  above  resonance.  The  exposures  were  done 
with  horns  in  separate  ventilated  anechoic  chambers  designed  for  each 
frequency.  Within  each  chamber  was  a  25-W  incandescent  lamp,  a  closed- 
circuit-TV  camera,  a  speaker  for  acoustic  stimuli,  and  another  speaker 
for  white  noise.  The  noise  level  from  all  sources  averaged  about  74  dB 
on  the  C  scale. 

Normalized  SAR  estimates  were  derived  from  exposure  of  saline  models 
to  225  MHz  and  1.3  GHz  and  of  flesh-simulating  materials  to  5.8  GHz. 

The  results,  in  W/kg  per  mW/sq  cm,  were  about  0.4  for  225  MHz,  0.13  for 
1.3  GHz,  and  0.03  for  5.8  GHz.  Exposures  to  225  MHz  were  at  5-11  mW/sq 
cm,  with  the  center  of  the  monkey's  head  at  0.78  of  the  conventional 
far-field  distance  from  the  horn,  yielding  SARs  of  2. 0-4. 4  W/kg.  For 
the  other  two  frequencies,  the  distances  were  varied  but  were  never  less 
than  half  the  respective  far-field  distances.  The  1 . 3-GHz  RFR  consisted 
of  3-microsecond  pulses,  370  pps,  at  20-95  mW/sq  cm  Av  (2.6-12.4  W/kg), 
and  the  5.8-GHz  RFR  consisted  of  0.5-  or  2-microsecond  pulses,  662  pps, 
at  11-150  mW/sq  cm  Av  (0.34-4.7  W/kg).  Rectal  temperature  was  monitored 
continuously  during  each  session  with  a  nonperturbing  probe. 

Totals  of  328  sessions  were  devoted  to  the  1. 3-GHz  study,  133  to  the 
5.8-GHz  study,  and  53  to  the  225-MHz  study  in  that  order,  with  about  70 
days  between  the  studies.  For  each  frequency,  each  monkey  (with  a  few 
exceptions)  was  exposed  three  times  at  each  power  density,  sequenced 
usually  in  ascending  order.  However,  all  RFR-exposure  sessions  were 
followed  with  sham-exposure  sessions.  Sham-exposures  were  also  given 
after  weekends  if  the  behavior  was  not  at  baseline  levels.  About  100 
sessions  were  necessary  before  all  five  monkeys  responded  consistently 
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within  and  between  sessions.  Four  of  the  monkeys  reduced  their  rates  of 
incorrect  detection  responses  (on  the  left  lever)  to  low,  stable  levels. 
The  fifth,  subject  10,  made  excessive  numbers  of  incorrect  detection 
responses  throughout  the  study,  which  were  sometimes  greater  than  its 
observing-response  rate  (on  the  right  lever). 

Reductions  in  observing-response  rates  occurred  at  above  threshold 
power  densities,  illustrated  by  representative  cumulative  1-hr  records 
of  one  monkey,  subject  13,  during  exposure  to  1.3-GHz  RFR  at  26,  50,  70, 
and  90  mW/sq  cm.  Decreases  in  observing-response  rates  were  seen  at  50 
mW/sq  cm  (6.5  W/kg)  and  higher  and  the  rate  reduction  increased  toward 
the  latter  part  of  each  session  as  the  RFR  level  was  raised.  The  cumu¬ 
lative  records  of  the  monkeys  also  showed  that  the  response  patterns 
became  increasingly  erratic  during  sessions,  an  effect  that  was  most 
pronounced  at  225  MHz,  at  which  the  animals  paused  for  as  long  as  15  min 
and  often  stopped  responding  completely  for  the  last  half  of  a  session 
at  10  mW/sq  cm  (4  W/kg). 

As  more  definitive  indices  of  behavioral  changes  than  the  individual 
cumulative  records,  means  and  SEs  of  the  ratio  of  observing-responses 
during  RFR-exposure  at  each  frequency  to  observing-responses  during  the 
previous  sham-exposure  session  vs  power  density  were  presented.  For  225 
MHz,  the  mean  ratio  decreased  monotonically  from  1.02  at  5  mW/sq  cm  (2 
W/kg)  to  0.75  at  10  mW/sq  cm  (4  W/kg),  with  a  large  drop  between  7.5  and 
10  mW/sq  cm;  the  departures  from  unity  were  significant  at  7.5  and  10 
mW/sq  cm  (3  and  4  W/kg). 

For  1.3  GHz,  the  mean  ratio  was  about  unity  up  to  45  mW/sq  cm  (5.9 
W/kg),  at  which  it  increased  to  1.1,  a  significant  change  primarily 
associated  with  the  behavior  of  subject  10.  At  50  mW/sq  cm  (6.5  W/kg), 
the  representative  cumulative  record  of  subject  13  showed  diminution  of 
the  response  rate,  but  the  mean  ratio  for  the  monkeys  was  unity  at  this 
power  density.  At  63  raW/sq  cm  (8.2  W/kg),  the  mean  ratio  decreased  to 
0.86,  a  significant  change,  and  it  diminished  only  slightly  more  at  93 
mW/sq  cm  (12.1  W/kg). 

For  5.8  GHz,  the  mean  ratio  varied  nonmonotonically  above  and  below 
unity  up  to  140  mW/sq  cm  (4.3  W/kg),  changes  that  were  relatively  small, 
but  some  were  statistically  significant  because  the  SEs  below  this  power 
density  were  much  smaller  than  those  at  the  other  frequencies.  Again, 
however,  the  increases  in  mean  ratio  were  due  to  the  behavior  of  one 
monkey.  At  140  and  150  mW/sq  cm  (4.3  and  4.6  W/kg),  the  mean  ratio  was 
0.92  and  0.90,  respectively,  both  significant  decreases.  Also  evident 
was  the  increase  in  threshold  power  density  with  frequency,  i.e.,  about 
7.5  mW/sq  cm  at  225  MHz,  63  mW/sq  cm  at  1.3  GHz,  and  140  mW/sq  cm  at  5.8 
GHz,  but  the  corresponding  threshold  SARs  were  respectively  3,  8.2,  and 
4.3  W/kg. 

Exposure  to  5.8-GHz  RFR  at  150  mW/sq  cm  (4.6  W/kg),  the  highest  level 
for  this  frequency,  also  produced  minor  burns  on  the  faces  of  three  of 
the  five  monkeys,  the  worst  occurring  between  the  eyes  and  along  the 
orbitonasal  area.  The  erythema  generally  disappeared  within  a  few  days, 


except  in  one  monkey  that  continually  irritated  the  burned  skin  by 
removing  scabious  material.  Burns  did  not  occur  at  140  raW/sq  cm  (4.3 
W/kg),  the  behavioral  threshold  for  this  frequency,  or  at  the  highest 
power  densities  for  the  other  frequencies.  The  small  penetration  depth 
for  5.8  GHz  (about  0.8  cm)  probably  was  an  important  factor. 

The  detection-response  rate  on  the  food  lever  was  not  consistently 
affected  by  exposure  to  RFR  at  any  frequency.  Ho  effect  was  observed 
for  225  MHz  or  5.8  GHz;  for  1.3  GHz,  a  decreased  response  rate  was  occa¬ 
sionally  observed,  but  only  at  83  mW/sq  cm  (10.8  W/kg)  or  higher.  How¬ 
ever,  plots  of  the  mean  ratio  of  detection-response  latencies  during  RFR 
exposure  to  the  latencies  during  sham  exposure  vs  power  density  showed 
values  slightly  but  significantly  higher  than  unity  at  all  frequencies 
and  at  most  power  densities.  For  each  frequency,  the  mean  ratio  in¬ 
creased  nonraonotonically  with  power  density;  the  correlation  coeffi¬ 
cients  were  significant  at  the  5X  level  for  225  MHz  and  1.3  GHz  but  not 
for  5.8  GHz.  Also  noteworthy  were  the  successive  decreases  of  the  SEs 
for  these  ratios  at  1.3  GHz,  5.8  GHz,  and  225  MHz,  the  order  in  which 
these  frequencies  were  used. 

Fostreinforcement  pause  (pause  after  a  reinforced  detection-response) 
was  also  affected.  The  mean  ratio  of  postreinforcement  pause  during 
RFR-exposure  to  the  pause  during  sham-exposure  was  plotted  vs  power 
density  for  each  frequency.  For  225  MHz,  this  ratio  was  about  unity  in 
the  range  5-7.5  mW/sq  cm  (2-3  W/kg),  but  rose  to  about  1.5  at  10  mW/sq 
cm  (4  W/kg),  a  significant  change.  For  1.3  GHz,  the  changes  were  both 
upward  and  downward  and  nonsignificant  up  to  63  raW/sq  cm  (8.2  W/kg),  at 
which  the  mean  ratio  was  1.3;  the  ratios  decreased  above  63  mW/sq  cm  to 
about  1.1  at  93  mW/sq  cm  (12.1  W/kg),  still  a  significant  increase.  For 
5.8  GHz,  the  SEs  were  again  much  smaller  than  for  the  other  frequencies; 
the  only  significant  change  was  at  150  mW/sq  cm  (4.6  W/kg),  to  about 
1.06,  a  smaller  increase  than  for  the  other  frequencies. 

The  mean  colonic  temperature  at  the  start  of  the  1-hr  sessions  was 
38.6  deg  C  and  generally  increased  by  an  average  of  0.15  deg  C  during 
the  sham-exposure  sessions.  The  mean  increases  in  temperature  vs  power 
density  for  each  frequency  were  exhibited  on  linear  scales  in  Fig.  5  of 
the  paper.  No  SEs  were  shown,  but  the  author  noted  that  they  were  typi¬ 
cally  0.2  deg  C  or  less.  The  results  showed  that  for  225  MHz,  the  tem¬ 
perature  increases  rose  linearly  from  about  0.8  deg  C  at  5  mW/sq  cm  (2 
W/kg)  to  about  2.1  deg  C  at  10  raW/sq  cm  (4  W/kg).  For  1.3  GHz,  the  tem¬ 
perature  increases  rose  less  than  linearly,  from  about  0.4  deg  C  at  20 

raW/sq  cm  (2.6  W/kg)  to  about  1.9  deg  C  at  93  mW/sq  cm  (12.1  W/kg).  For 

5.8  GHz,  the  increases  rose  more  gradually,  from  about  0.2  deg  C  at  10 

mW/sq  cm  (0.31  W/kg)  to  about  1.0  deg  C  at  150  mW/sq  cm  (4.6  W/kg). 

The  author  also  referred  to  the  somewhat  different  2.45-GHz  temper¬ 
ature  curves  previously  obtained  for  squirrel  monkeys  (de  Lorge,  1979) 
and  rhesus  monkeys  (de  Lorge,  1976);  these  2.45-GHz  curves  were  relati¬ 
vely  flat  initially  and  then  accelerated  dramatically  as  the  temperature 
increases  reached  1  deg  C. 
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Estimates  of  absolute  thresholds  for  disruption  of  observing-response 
rates  were  made  for  each  frequency  on  the  basis  of  the  following:  The 
highest  power  density  at  which  the  SE  bar  overlapped  the  unity-ratio 
line  was  designated  the  "no-difference"  estimate.  The  threshold  power 
density  for  "obvious"  difference  in  performance  was  defined  as  the  value 
at  which  the  SE  bar  did  not  overlap  the  unity-ratio  line  and  for  which  a 
10X  or  greater  difference  from  the  no-difference  power  density  ratio  was 
obtained.  The  resulting  estimates  were  8.1  mW/sq  cm  for  225  MHz,  57 
mW/sq  cm  for  1.3  GHz,  67  mW/sq  cm  for  2.45  GHz  (from  de  Lorge,  1976), 
and  140  mW/sq  cm  for  5.8  GHz,  a  monotonic  increase  with  frequency.  The 
corresponding  SARs,  however,  were  nonmonotonic  with  frequency,  perhaps 
again  reflecting  differences  in  penetration.  The  values  were  3.2,  7.4, 
6.7,  and  4.3  W/kg.  (Note  that  for  2.45  GHz,  the  author  used  0.07  from 
Durney  et  al.,  1978,  instead  of  0.1  U/kg  per  mW/sq  cm  for  the  head, 
discussed  above  in  de  Lorge,  1976,  but  the  difference  does  not  affect 
this  point . ) 

For  each  frequency,  the  author  also  calculated  the  minimal  power 
density  associated  with  colonic-temperature  increments  of  1  deg  C.  The 
values  showed  an  almost  linear  relation  between  power  density  and 
frequency:  7.5,  40,  63,  and  150  mW/sq  cm  respectively  at  0.225-,  1.3-, 
2.45,  and  5.8  GHz.  The  corresponding  SARs  were  3.0,  5.2,  6.3,  and  4.6 
W/kg. 

The  author  concluded:  "Disruption  of  the  observing-response,  a  behav¬ 
ior  predicated  on  highly  motivated  performance,  by  microwave  irradia¬ 
tion  was  closely  related  to  increases  in  core  temperature.  The  rela¬ 
tionship  is  no  doubt  dependent  upon  various  factors  but,  invariably, 
this  behavior  was  not  greatly  disrupted  unless  body  temperature  in¬ 
creased  by  about  1  deg  C,  or  unless  an  animal  was  suffering  superficial 
burns  or  was  bothered  by  facial  skin  irritation.  Other  aspects  of  oper¬ 
ant  behavior  such  as  the  detection-response  rate  and  post-reinforcement 
pause  failed  to  show  this  relationship."  He  also  stated: 

"The  results  of  this  study  illustrate  that  predictions  of  biological 
effects  based  solely  on  power  density  are  poor.  Similarly,  the  infor¬ 
mation  shown  in  Figure  6  reflecting  the  dependence  of  SAR  on  frequency 
demonstrates  that  predictions  based  on  normalized  whole-body  energy  ab¬ 
sorption  are  not  very  useful."  He  noted  that  the  ratio  of  highest-to- 
lowest  threshold  SAR,  2.6  (8. 4/3. 2),  was  much  smaller  than  the  ratio  of 
the  corresponding  power  densities,  17.5  (140/8),  so  SAR  is  a  more  effi¬ 
cient  predictor  than  power  density,  but  both  are  frequency-dependent. 

He  concluded,  however,  that  about  a  1-deg-C  increase  in  colonic  temper¬ 
ature  is  a  more  reliable  single  index  of  behavioral  disruption.  His 
general  conclusion  was  that  the  results  of  this  study  will  allow  predic¬ 
tions  of  possible  behavioral  alterations  in  other  species,  notably 
humans,  during  exposure  to  RFR  at  frequencies  near  and  above  resonance, 
especially  if  elevations  of  body  temperature  were  used  as  indices,  an 
idea  that  should  be  investigated  further  experimentally. 

In  the  author's  discussion,  he  speculated  that  the  225-MHz  data  re¬ 
flect  a  resonance  heating  effect  of  the  blood  in  the  entire  body,  lead- 


ing  to  extreme  difficulty  in  thermoregulating  because  heated  blood 
cannot  be  replaced  with  cooler  blood.  He  also  suggested  that  the  re¬ 
sults  at  1.3  and  5.8  GHz  illustrate  normal  thermoregulation,  since  limbs 
or  skin  are  heated  to  a  much  greater  extent  than  the  interior  of  the 
head  at  these  frequencies,  citing  Burr  and  Krupp  (1980)  and  Olsen  et  al. 
(1980). 

Absent  was  any  discussion  of  the  possible  occurrence  of  the  RFR- 
auditory  effect  with  the  1 . 3-GHz  and  5.8-GHz  pulsed  RFR.  The  author 
presumably  discounted  this  effect  as  a  factor  in  the  results,  because 
the  pulse  repetition  rates  used  (370  and  662  pps)  were  lower  than  the 
tones  used  in  the  behavioral  paradigm. 

Because  primates  are  better  surrogates  for  humans  than  the  usually 
used  lower  species  of  laboratory  animals,  results  with  the  latter  could 
be  misleading  with  regard  to  setting  safety  standards  for  human  exposure 
to  RFR.  For  example,  as  discussed  in  Section  3. 1.7.1,  de  Lorge  and 
Ezell  (1980)  obtained  changes  in  observing-response  rates  in  rats 
exposed  to  1.28  and  5.62  GHz,  with  power-density  thresholds  of  15  and  26 
mW/sq  cm,  respectively.  These  values  were  considerably  lower  than  those 
for  the  rhesus  monkeys  at  comparable  frequencies  (57  mW/sq  cm  at  1.3  GHz 
and  140  mW/sq  cm  at  5.8  GHz).  (In  the  rat  study,  rises  in  colonic 
temperature  were  not  measured.) 

Kaplan  et  al.  (1982)  exposed  33  unrestrained  female  squirrel  monkeys 
near  the  beginning  of  the  second  trimester  of  pregnancy  to  2.45-GHz  RFR 
in  12  multimode,  mode-stirred  cavity  modules.  Each  cavity  contained  a 
cage  (of  dielectric  grille)  opaquely  partitioned  to  hold  two  adult  mon¬ 
keys  and  equipped  with  upper  and  lower  perches  (Heynick  et  al.,  1977). 
Groups  of  10,  12,  and  11  females  were  exposed  at  respective  whole-body 
SARs  of  3.4,  0.34,  or  0.034  W/kg  for  3  hr/day,  5  days/week,  until  par¬ 
turition.  On  completion  of  each  daily  exposure,  the  monkeys  were  re¬ 
turned  to  home  cages,  where  they  were  housed  in  pairs.  Eight  pregnant 
monkeys  were  sham-exposed  for  the  same  periods  in  modules  with  RFR  off. 
After  parturition,  6  dams  each  of  the  3  RFR  groups  and  their  offspring 
were  exposed  as  dyads  (one  dam  and  neonate  per  partition  in  each  module) 
to  each  RFR  level  for  an  additional  6  months;  then  the  offspring  were 
exposed  (one  per  partition)  without  the  dams  for  another  6  months. 

The  plane-wave  equivalent  power  densities  were  determined  by  exposing 
a  saline-filled  rubber  doll  about  the  size  of  a  squirrel  monkey  to  far- 
field  high-level  RFR  in  an  anechoic  chamber  and  two  such  dolls  in  a 
module  at  various  locations  and  orientations  within  each  partition,  and 
measuring  the  saline  temperature  increases.  The  results  were  used  to 
adjust  the  power  inputs  to  the  modules  to  obtain  the  equivalents  of  10, 
1,  and  0.1  mW/sq  cm,  which  yielded  the  respective  SARs  above. 

To  obtain  a  measure  of  locomotor  activity  of  the  adult  monkeys  during 
RFR  exposure,  the  frequency  of  movements  between  the  upper  and  lower 
perches  and  lateral  movements  between  front  and  back  of  the  module  cages 
were  recorded  for  each  monkey  in  ten  5-min  sessions  during  three  weeks 
of  the  third  trimester.  Because  of  large  interanimal  variability  within 
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all  groups  and  the  small  group  sizes,  scores  were  ranked  and  subjected 
to  the  nonparametric  Kruskal-Wal 1 is  analysis  of  variance  by  ranks.  The 
median  activity  scores  combined  for  the  10  sessions  each  at  0,  0.034, 
0.34,  and  3.4  W/kg  were  respectively  16,  8,  46,  and  12.5,  statistically 
nonsignificant  differences. 

Each  mother-and-inf ant  pair  was  observed  in  the  home  cage  for  two  to 
four  5-rain  periods  each  week  for  the  first  24  weeks  postpartum.  The 
frequency  and  duration  of  maternal  responses  related  to  protection  and 
rejection  (e.g.,  retrieval,  punishment)  and  of  infant  responses  related 
to  independence  (e.g.,  departure  from  and  return  to  mother,  time  spent 
off  mother)  were  scored  and  evaluated  in  blocks  of  4  weeks  for  each  ex¬ 
posure  group.  There  were  no  significant  differences  among  groups  in  any 
of  the  measures  of  infant  or  maternal  behavior  at  corresponding  4-week 
blocks . 

To  increase  the  number  of  subjects  for  statistical  considerations,  the 
results  were  analyzed  by  comparing  the  four  exposure  levels  (including 
sham-exposure)  regardless  of  when  subjects  were  exposed  (prenatally  only 
vs  prenatally  and  postnatally)  and  by  comparing  the  two  exposure  periods 
irrespective  of  exposure  level.  Again  no  statistically  significant 
differences  were  found. 

Baseline  EEGs  and  EEG  changes  with  presentation  of  light  flashes  were 
obtained  from  mothers  and  offspring  in  a  restraining  chair  (under  light 
sedation  to  reduce  movement)  at  weaning  time  (infant  age  6  months)  and 
from  offspring  of  the  prenatal  and  postnatal  exposure  groups  at  ages  9 
and  12  months.  The  recordings  were  made  (in  the  absence  of  RFR)  with 
Beckman  biominiature  AgCl  electrodes  attached  midline  at  the  occiput  and 
frontal  regions.  The  frontal  electrode  was  used  for  reference  and  an 
electrode  near  the  vertex  was  grounded.  Blocks  of  20  trials  at  each  of 
three  light-flashing  frequencies  (6,  10,  and  16  per  second)  were  given 
to  each  subject  in  a  single  session,  with  each  trial  consisting  of  four 
seconds  of  baseline  EEG  recording  followed  by  four  seconds  of  visual 
stimulation.  The  interval  between  trials  was  20-30  seconds.  The  order 
of  presentation  of  the  three  frequencies  was  counterbalanced  across  the 
subjects  for  the  separate  recording  sessions. 

The  EEG  recordings  were  digitized  by  computer  and  subjected  to  spec¬ 
tral  analysis  in  the  bands  5-7,  9-11,  and  15-17  Hz  that  straddled  the 
three  flicker  rates,  and  in  the  bands  for  delta  (0.5-4  Hz),  alpha  (8-13 
Hz),  and  beta  (15-23  Hz)  activity.  To  determine  the  extent  of  photic 
driving  at  each  flicker  rate,  flicker-to-baseline  EEG  ratios  were  calcu¬ 
lated.  By  Kruskal-Wall is  analysis  of  variance  by  ranks  of  the  seven 
groups  of  mothers,  there  were  no  significant  differences  on  any  of  the 
measures.  Moreover,  no  significant  differences  were  found  after  com¬ 
bining  subjects  from  the  three  RFR  levels  into  separate  groups  according 
to  when  they  were  exposed  (during  gestation  only  and  gestation  plus  6 
months  after  parturition).  Similarly,  no  significant  differences  were 
obtained  in  comparing  either  the  prenatally  exposed  or  prenatally  and 
postnatally  exposed  groups  of  offspring  (irrespective  of  exposure  level) 
with  the  nonexposed  group. 


The  major  finding  of  this  study  was  the  death  of  5  of  the  6  infants 
exposed  at  3.4  W/kg  (10  mW/sq  cm)  both  prenatally  and  postnatally  vs  no 
deaths  in  the  corresponding  6  sham-exposed  infants,  but  as  discussed  in 
Section  3. 3. 2. 2,  little  confidence  can  be  placed  in  this  difference 
because  of  the  smallness  of  these  two  groups.  Also,  a  followup  study 
with  infant  mortality  as  the  major  endpoint  and  sufficient  numbers  of 
animals  for  greater  statistical  validity  did  not  confirm  this  finding. 
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3.7.2  RFR  AND  DRUGS 


Various  studies  have  been  conducted  on  possible  interactive  effects  of 
exposure  to  RFR  and  medications  or  other  drugs  taken  or  administered. 
Preparations  studied  have  included  excised  turtle  and  rat  hearts,  and 
rabbits,  rats,  and  mice. 

Lords  et  al.  (1973)  had  found  that  exposure  of  excised  turtle  hearts 
in  Ringer's  solution  to  960-MHz  CW  RFR  caused  bradycardia  at  SARs  of  2- 
10  W/kg  and  tachycardia  at  16-40  W/kg.  They  hypothesized  that  the  RFR 
caused  neurotransmitter  release  by  excitation  of  the  remnants  of  the 
autonomic  (parasympathetic  and  sympathetic)  nervous  system.  On  this 
basis,  Tinney  et  al.  (1976)  studied  the  effects  on  turtle  hearts  of 
adding  the  parasympathetic-system  inhibitor  atropine  sulfate  and  the 
sympathetic-system  inhibitor  propranolol  hydrochloride  (beta-blocker) 
separately  or  in  combination  to  the  Ringer's  solution  prior  to  exposure, 
and  Reed  et  al.  (1977)  performed  a  similar  study  on  excised  rat  hearts. 
The  results  of  these  in-vitro  studies  are  discussed  in  Section  3.6.3. 

In  an  early  in-vivo  study,  Baranski  and  Edelwejn  (1968)  determined  the 
effects  of  luminal,  strychnine,  phenactil,  and  cardiasol  in  various 
combinations  on  the  EEGs  of  rabbits,  and  how  exposure  to  RFR  altered 
these  effects.  Luminal  is  a  trademark  for  phenobarbital ,  a  sedative  and 
anticonvulsant;  strychnine,  a  poisonous  alkaloid,  is  a  convulsant,  and 
has  been  used  as  a  CNS  stimulant;  the  other  two  drugs  are  not  listed  in 
the  current  Physicians  Desk  Reference,  but  phenactil  was  said  to  act 
directly  on  the  reticular  formation,  and  cardiasol  on  the  cerebral 
cortex  and  the  reticular  formation. 

In  this  study,  EEG  screw  electrodes  were  implanted  within  the  skulls 
(symmetrically  over  the  motor,  sensory,  and  optic  regions)  of  65  male 
(3-kg)  rabbits  and  the  rabbits  were  divided  into  two  major  groups.  The 
effects  of  one  20-min  exposure  to  pulsed  RFR  in  the  10-cra  band  (3  GHz, 
pulse  parameters  not  indicated)  at  20  roW/sq  cm  (presumably  average  power 
density)  were  studied  with  one  group  (45  rabbits);  the  other  group  (20 
rabbits)  was  used  to  study  the  effects  of  exposure  to  the  RFR  at  7  raW/sq 
cm  3  hr/day  for  a  total  of  70-80  hr.  SAR  estimates  were  not  given,  but 
the  SAR  for  a  prolate-spheroidal  model  of  a  1-kg  rabbit  at  3  GHz  is 
about  0.1  W/kg  per  raW/sq  cm  (Durney  et  al.,  1978,  p.  92),  which  yields 
about  2  and  0.7  W/kg  for  20  and  7  mW/sq  cm.  The  whole-body  SARs  for  a 
3-kg  rabbit  would  be  lower,  but  the  presence  of  the  presumably  metallic 
EEG  electrodes  probably  produced  significantly  higher  SARs  in  the  local 
regions  within  the  head  (Chou  et  al.,  1982). 

The  first  (acute)  group  was  distributed  into  subgroups  A,  B,  and  C  (15 
each)  and  was  treated  as  follows:  Ten  of  subgroup  A  were  intravenously 
injected  with  phenactil  at  4  mg/kg;  one  hour  later,  these  rabbits  were 
exposed  at  20  mW/sq  cm  once  for  20  min;  after  exposure,  the  rabbits  were 
injected  with  cardiasol  at  3  mg/kg.  The  other  five  rabbits  of  subgroup 
A  were  given  the  drugs  but  not  exposed  to  the  RFR  (controls).  Ten  of 
subgroup  B  were  injected  with  luminal  at  40  mg/kg  one  hour  before  RFR- 
exposure  and,  after  20  min  of  exposure,  with  cardiasol  at  6  rag/kg  (twice 


the  dose  used  for  subgroup  A),  again  with  the  remaining  five  not  exposed 
to  the  RFR.  The  treatment  of  subgroup  C  was  the  same  as  for  subgroup  A, 
but  strychnine  at  0.1  mg/kg  was  given  in  the  end  phase. 

The  EEGs  were  taken  with  a  16-channel  recorder:  for  testing  before 
drug  injection,  60  min  after  injection  of  phenactil  or  luminal,  right 
after  RFR-exposure ,  and  right  after  injection  of  cardiasol  or 
strychnine.  The  authors  stated  without  elaboration  that  the  following 
parameters  were  considered  in  evaluating  the  EEGs: 

1)  basic  rhythm  of  bioelectric  activity 

2)  reaction  to  rhythmic  light  stimuli 

3)  amplitude 

4)  hypersynchronic  waves 

5)  focal  or  generalized  changes 

Various  regional  EEGs  of  one  rabbit  of  acute  subgroup  A  before  and  one 
hour  after  phenactil  injection  were  presented  as  representative  results 
for  that  subgroup.  Distinct  signs  of  synchronization  could  be  seen  in 
the  EEGs  after  phenactil  injection,  and  slow  waves  of  high  amplitude 
were  clearly  evident  in  the  optic  region.  The  EEGs  of  the  same  rabbit 
immediately  after  RFR-exposure  and  after  cardiasol  injection  were  also 
presented.  The  amplitudes  of  the  regional  post-exposure  EEGs  were 
smaller,  and  absent  therefrom  were  signs  of  the  synchronization  after 
phenactil  injection.  Thus,  phenactil  injection  1  hr  before  exposure  did 
not  prevent  RFR-induced  desynchronization.  The  EEGs  following  cardiasol 
injection  were  similar  to  those  following  RFR-exposure  except  for  the 
presence  of  a  segment  of  waves,  most  prominent  in  the  optic  region,  of 
frequency  about  3-4  Hz  and  amplitude  that  increased  slowly  to  a  maximum 
and  decreased  at  about  the  same  rate  (resembling  a  half-wave  segment  of 
100X  amplitude  modulation),  described  as  "a  characteristic  threshold 
reaction."  The  authors  also  noted  that  control  animals  exhibited  no 
reaction  to  cardiasol  injection. 

Regarding  acute  subgroup  B,  injection  of  luminal  yielded  EEG  changes 
"in  the  form  of  alternating  rhythm  of  fast  waves  and  bursts."  RFR- 
exposure  one  hour  later  "only  slightly  modified  the  character  of  the  EEG 
record;  amplitude  of  the  basic  rhythm  became  lower,  other  parameters 
remaining  unchanged."  Administration  of  cardiasol  (6  mg/kg)  "failed  to 
induce  threshold  reaction  in  bioelectric  activity."  "Control  animals 
reacted  in  an  identical  way."  These  effects  were  illustrated  by  the 
EEGs  of  a  rabbit  after  injection  of  luminal  and  immediately  after  RFR- 
exposure  . 

Illustrative  of  the  results  for  acute  subgroup  C  (treated  with  phenac¬ 
til  and  then  with  strychnine)  were  the  EEGs  of  a  rabbit  right  after  RFR- 
exposure  and  strychnine  injection  and  of  a  control  rabbit  (not  RFR- 
exposed  but  injected  with  strychnine).  The  EEGs  of  the  control  rabbits 
consisted  almost  entirely  of  spikes  of  amplitudes  that  varied  among  the 
regions,  whereas  the  post-exposure-and-inject ion  EEGs  consisted  mainly 
of  slow  waves  in  the  optic  region  and  irregular  fast-wave  rhythms  in  the 
motor  region.  The  authors  stated  that:  "EEG  records  showed  tolerance  to 
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strychnine  to  be  much  higher  in  irradiated  than  control  animals.  In  the 
latter  the  spikes  were  found  to  occur  for  3  to  14  seconds." 


The  second  (chronic)  group  was  divided  into  subgroups  A,  B,  C,  and  D 
(5  rabbits  each)  that  were  respectively  injected  with  phenactil  at  4 
mg/kg,  cardiasol  at  3  mg/kg,  luminal  at  40  mg/kg,  and  strychnine  at  0.1 
mg/kg.  Not  clear,  however,  were  the  experimental  sequences  of  drug  in¬ 
jections  and  multiple  RFR-exposures  (at  7  mW/sq  cm)  administered  these 
subgroups.  The  authors  stated:  "In  animals  of  the  second  [chronic] 
group,  resting  EEG  records  showed  desynchronization  with  rather  high  am¬ 
plitude  of  the  recorder  potentials.  In  subgroup  A,  intravenous  admini¬ 
stration  of  phenactil  was  followed  by  synchronization  which  was,  how¬ 
ever,  less  intense  than  in  animals  of  the  first  [acute]  group."  One  in¬ 
terpretation  is  that  all  daily  RFR-exposures  of  each  chronic  subgroup 
were  completed  before  any  drug  injection,  that  such  cumulative  exposure 
yielded  the  observed  desynchronization,  and  that  subsequent  phenactil 
injection  into  the  subgroup-A  rabbits  was  not  as  effective  for 
synchronization . 

Regarding  chronic  subgroup  B,  cardiasol  injection  was  reported  to  have 
induced  severe  convulsions  within  8-10  seconds,  indicating  that  these 
rabbits  were  much  less  tolerant  of  cardiasol  than  those  exposed  once. 

The  EEGs  of  chronic-subgroup-C  rabbits  were  reported  to  be  unmodified  by 
luminal  injection  except  for  a  slight  amplitude  decrease.  The  reactions 
of  chronic-subgroup-D  rabbits  to  strychnine  injection  were  not  uniform: 
"Series  of  spikes  were  observed  in  3  cases,  and  in  other  animals  single 
spikes  were  only  found.  It  should  be  stressed  that  tolerance  to  the 
drug  was  markedly  lower  than  in  animals  of  the  first  group.  In  2  cases 
the  animals  died  soon  after  the  drug  administration." 

In  the  discussion  of  the  acute-exposure  results,  the  authors  inter¬ 
preted  the  desynchronization  induced  by  RFR-exposure  to  stimulation  of 
the  ascending  part  of  the  reticular  formation,  as  confirmed  by  the  ob¬ 
served  functional  antagonism  between  the  RFR  and  phenactil,  since  phen¬ 
actil  acts  directly  on  the  reticular  formation.  Cardiasol  is  known  to 
excite  the  cerebral  cortex  and  the  reticular  formation,  and  the  results 
with  this  drug  showed  that  the  RFR  potentiated  the  effects  of  cardiasol, 
an  indication  that  RFR  can  affect  structures  sensitive  to  cardiasol. 

The  lack  of  desynchronization  in  rabbits  treated  with  luminal  prior  to 
RFR-exposure,  taken  in  conjunction  with  the  cardiasol  results,  suggest 
that  RFR  affects  the  thalamic  part  of  the  reticular  formation.  In  the 
experiments  with  strychnine,  the  results  indicated  that  the  reactions  to 
this  drug  by  the  RFR-exposed  rabbits  was  much  weaker  than  those  of  the 
controls,  perhaps  by  the  combined  effect  of  phenactil  and  strychnine. 

Lotz  and  Michaelson  (1979)  had  found  that  exposure  of  rats  to  2.45-GHz 
RFR  stimulates  the  pituitary-adrenal  axis  and  they  studied  whether  such 
stimulation  could  be  blocked  by  pretreatment  with  the  glucocorticoid 
dexamethasone .  The  results  of  this  study  were  given  in  Section  3.6.2. 


Monahan  and  Henton  (1977a)  found  that  mice  could  be  trained  to  escape 
from,  or  avoid  exposure  to,  2.45-GHz  CW  RFR  at  45  W/kg  by  an  operant 
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response,  as  discussed  in  Section  3. 7. 1.1.  In  a  later  study,  Monahan 
and  Henton  (1979)  used  the  same  behavioral  paradigm  to  determine  the 
effects  of  the  psychoactive  drugs  chlordiazepoxide ,  chlorpromazine ,  and 
dextroamphetamine  (d-amphetamine )  on  such  behavior,  and  whether  RFR 
would  alter  the  effects  of  these  drugs  on  behavior.  D-amphetamine  is  a 
stimulant  for  the  central  nervous  system,  whereas  chlordiazepoxide  and 
chlorpromazine  are  depressants  (tranquilizers). 

Five  CD1  male  mice  were  studied.  As  in  the  previous  study,  each  mouse 
was  housed  in  a  ventilated  opaque  Plexiglas  container  (large  enough  to 
permit  free  movement)  within  a  waveguide  system  held  at  24  deg  C  and  50% 
relative  humidity,  with  air  flow  at  38  1/min.  Behavioral  sessions  were 
for  30  min;  exposures  were  at  45  W/kg  (estimated  as  45  mW/sq  cm)  for 
durations  determined  by  the  responses  of  the  mouse  in  each  session. 

A  beam  of  light  was  shone  through  aligned  holes  in  the  side  walls  of 
the  waveguide  and  the  mouse  container  to  a  photosensor,  and  interruption 
of  the  beam  constituted  the  basic  response  by  the  mouse.  Paired  with 
the  RFR  was  a  2900-Hz  tone.  The  procedure  was  to  turn  on  the  RFR  (and 
tone)  12  seconds  after  the  start  of  the  session.  These  stimuli  remained 
on  as  long  as  the  mouse  made  no  response.  When  the  stimuli  were  on,  a 
beam-interruption  response  terminated  the  stimuli  and  they  remained  off 
for  12  seconds  in  the  absence  of  another  response  during  the  period. 

Such  actions  were  characterized  as  escape  responses.  If  the  mouse 
responded  again  during  the  12-second  interval  of  no  RFR  and  tone,  the 
response  would  delay  the  onset  of  the  stimuli  for  12  seconds.  These 
actions  were  characterized  as  avoidance  responses. 

Stable  baseline  data  were  obtained  for  each  mouse  after  10-15  sessions 
of  30-rain  RFR-plus-tone  exposure  conducted  daily.  The  baseline  pattern 
of  each  mouse  was  self-consistent,  with  only  minor  variability,  but  the 
patterns  differed  among  the  mice  and  could  be  classified  as  primarily 
escape  response,  primarily  avoidance  response,  or  mixed  response. 

After  the  baseline  period,  the  mice  were  intraperitoneally  adminis¬ 
tered  chlordiazepoxide  (1,  5,  10  rag/kg),  chlorpromazine  hydrochloride 
(0.25,  0.5,  10  mg/kg),  d-amphetamine  sulfate  (0.5,  1,  2  mg/kg),  or 
saline  in  random  sequence  once  a  week  15  rain  before  a  session.  The 
results  showed  that  saline  injection  reduced  the  total  response  rate  of 
mouse  1  to  80%  of  its  mean  control  value,  increased  the  total  response 
rate  of  mouse  3  to  120%,  and  did  not  substantially  affect  the  total 
response  rates  of  the  other  three  mice. 

Injection  of  10  mg/kg  of  chlordiazepoxide  into  mouse  1  yielded  the 
same  reduction  of  response  rate  as  saline  (to  about  80%),  but  doses  of  1 
and  5  mg/kg  yielded  higher  rate  reductions,  respectively  to  about  60% 
and  40%.  For  mouse  2  (unaffected  by  saline),  chlordiazepoxide  reduced 
the  rate  to  about  60%  for  doses  of  1  and  5  mg/kg,  and  to  about  40%  for 
10  mg/kg.  For  mouse  3  (rate  increased  to  120%  by  saline),  1  rag/kg 
yielded  a  rate  comparable  to  its  control  value  (i.e.,  100%),  but  5  and 
10  mg/kg  yielded  reductions  to  about  80%.  Mouse  4  (unaffected  by 
saline),  showed  large  rate  reductions  for  all  3  doses,  but  the  least 


reduction  (to  about  60S)  was  for  5  rag /kg,  with  successively  larger 
reductions  (to  about  50X  and  301)  for  1  and  10  rag/kg.  Mouse  5  (rate 
slightly  lowered  by  saline)  exhibited  successively  larger  reductions 
with  increasing  dose,  to  about:  80Z  for  1  mg/kg,  40X  at  5  mg/kg,  and  10X 
at  10  rag /kg. 

The  responses  of  each  mouse  following  injection  of  chlordiazepoxide  or 
saline  at  each  dose  were  classified  into  avoidance  and  escape  responses 
and  the  numbers  of  each  response  were  compared  with  their  respective 
control  values.  For  mouse  1,  the  saline  reduced  both  the  avoidance  and 
escape  responses,  but  only  slightly.  At  10  mg/kg,  the  drug  had  little 
effect  on  avoidance  or  escape  responses,  but  at  1  and  5  mg/kg  it  reduced 
the  avoidance  rate  and  increased  the  percentage  of  escape  responses,  the 
latter  effect  being  higher  for  1  mg/kg  than  5  mg/kg.  The  results  for 
mice  2,  3,  and  5  were  qualitatively  similar  to  those  of  1.  For  mouse  4, 
the  results  were  more  consistent;  rates  of  avoidance  and  escape  response 
with  saline  were  comparable  to  their  respective  control  means,  whereas 
10  mg/kg  of  the  drug  produced  maximum  reduction  in  avoidance  rate  and 
maximum  increase  in  percentage  of  escape  responses.  However,  these 
response  changes  were  smaller  for  5  mg/kg  than  1  mg/kg. 

Less  equivocal  were  the  cumulative  exposure  durations  per  session. 

The  mean  baseline  values  ranged  from  about  8  seconds  (mouse  4)  to  about 
30  seconds  (mouse  3),  and  saline  did  not  significantly  alter  the  value 
for  each  mouse.  However,  chlordiazepoxide  doses  of  5  and  10  mg/kg 
increased  exposure  durations  of  all  five  mice  significantly,  with  clear 
dependence  on  dose. 

Examination  of  the  results  showed  that  the  baseline  data  were  similar 
to  those  obtained  previously  (Monahan  and  Henton,  1977a),  but  descrip¬ 
tion  of  many  results  with  saline  and  chlordiazepoxide  was  obscure.  Not 
clear  is  whether  each  mouse  was  treated  with  each  dose  of  the  drug  (or 
saline)  more  than  once.  Error  bars  were  absent  in  the  figures,  which 
could  be  taken  to  mean  that  each  specific  treatment  was  given  prior  to 
only  one  session.  If  this  was  so,  the  credence  given  to  the  quantita¬ 
tive  aspects  of  the  findings  is  diminished  and  it  is  more  difficult  to 
determine  the  dose-dependence  involved,  especially  with  so  few  mice 
having  such  large  differences  in  baseline  behavioral  patterns. 

Because  of  the  high  degree  of  variability  of  the  results  with  the 
other  drugs,  the  authors  presented  no  detailed  data.  They  did  indicate 
that  chlorpromazine  appeared  to  lower  the  response  rate  without  increas¬ 
ing  the  cumulative  exposure  duration  and  that  d-amphetaraine  at  the  high¬ 
est  dose  (2  mg/kg)  increased  the  response  rate  in  several  mice  and  de¬ 
creased  the  exposure  duration. 

Thomas  et  al.  (1979)  maintained  four  Long-Evans  hooded  male  rats  at 
80X  of  their  free-feeding  weights  of  325-375  g  and  trained  them  daily 
for  4  months  to  respond  on  a  fixed-interval,  1-min  (FI-1)  schedule  to 
press  a  bar  for  a  food  pellet  reward.  By  this  time,  the  rats  achieved  a 
stable  baseline  pattern  consisting  of  accelerated  rate  of  responding 
throughout  each  FI  period  until  a  food  pellet  was  obtained.  A  dose- 


effect  function  was  then  established  for  chlordiazepoxide  (injected  i.p. 
30  min  before  a  session)  in  the  range  1-40  mg/kg,  which  indicated  that 
responding  rate  increased  up  to  about  10  mg/kg  (by  2  to  3  times  base¬ 
line),  and  then  decreased  at  higher  doses  (to  about  zero  at  40  mg/kg). 


The  rats  were  then  exposed  to  2.45-GHz  pulsed  RFR  (2-microsecond  pul¬ 
ses,  500  pps)  at  1  mW/sq  cm  (average)  during  the  30  min  preceding  each 
bar-pressing  session  (i.e.,  starting  immediately  after  drug  injection). 
The  SAR  was  not  given,  but  is  estimated  to  have  been  about  0.2  W/kg 
(Durney  et  al.  1978,  p.  95).  Appropriate  control  runs  were  conducted  to 
ensure  stable  and  repeatable  performance  of  each  rat  under  the  various 
dosing  situations.  Exposure  yielded  the  same  general  shape  of  the  dose- 
effect  functions,  but  the  magnitudes  were  generally  increased  by  a 
factor  of  about  2.  By  contrast,  exposure  to  the  RFR  without  injection 
of  the  drug  produced  no  difference  in  the  FI-1  responding  rate. 


The  results  of  this  study  are  unequivocal,  but  the  mechanisms  involved 
are  obscure.  For  example,  although  the  average  power  density  and  the 
whole-body  SAR  were  low,  local  SARs  in  the  regions  of  the  brain  that  are 
target  areas  for  chlordiazepoxide ' s  central  actions  may  have  been  high 
enough  for  a  thermally  potentiating  effect.  It  is  also  conceivable  that 
2-raicrosecond  pulses  at  a  peak  power  density  of  1  W/sq  cm  (based  on  the 
0.001  duty  cycle)  produced  the  RFR-hearing  effect  during  the  pre-session 
30-roin  period,  but  if  so,  it  is  not  clear  whether  or  how  any  influence 
of  this  effect  would  have  carried  over  into  the  session,  during  which 
the  RFR  was  no  longer  present. 


Thomas  and  Maitland  (1979)  also  conducted  a  study  in  which  six  male 
albino  rats  (Nmri : 0[ SD]CV) ,  maintained  at  80Z  of  their  free-feeding 
weights,  were  trained  to  depress  a  small  lever  to  produce  food  pellets 
on  a  dif f erential-reinforceraent-of-low-rate  (DRL)  schedule.  Only  the 
responses  that  followed  a  preceding  response  by  18  seconds  or  more  were 
rewarded  with  pellets.  Responses  that  occurred  within  18  seconds  reset 
the  timing  period  (DRL  18  s).  With  daily,  5-days-a-week  training,  the 
rats  achieved  stable  baseline  performances  in  13  weeks. 


The  effects  of  RFR  on  the  dose-response  function  were  then  determined. 
Exposures  were  to  the  2.45-GHz  pulsed  RFR  used  previously  (2-microsecond 
pulses,  500  pps,  at  1  mW/sq  cm  average  power  density).  In  this  study, 
however,  the  corresponding  whole-body  SAR  (0.2  W/kg)  was  ascertained 
calorimetrically  with  a  water  model. 


Three  of  the  rats  were  each  dosed  with  the  drug  once  per  week,  exposed 
for  30  min,  and  observed  immediately  for  operant  behavior  for  1  hr,  to 
ascertain  any  direct  drug-RFR  interaction  (single-exposure  condition). 

To  seek  for  possible  cumulative  action  of  the  RFR,  each  of  the  other 
three  rats  was  exposed  for  30  min  daily  on  4  days  per  week  except  on 
days  when  the  drug  was  injected  (multiple-exposure  condition).  Operant 
behavior  was  observed  30  min  after  injection.  Sessions  were  conducted 
for  13  weeks,  and  included  sham-RFR  exposures  and  control  injections  of 
saline  for  all  six  rats. 


The  baseline  performance,  in  total  responses  per  rain,  of  the  three 
rats  studied  under  the  single-exposure  condition  was  a  mean  of  about  3.3 
with  a  standard  deviation  (SD)  of  about  0.5.  (Most  of  these  responses 
were  correct  relative  to  the  DRL-18-s  schedule.)  The  mean  response  rate 
of  these  rats  was  3.0  after  saline  injection  and  shara-exposure  and  was 
3.7  after  saline  injection  and  RFR-exposure  (no  SDs  given),  both  of 
which  were  within  the  SD  limits  of  the  baseline  value. 

The  mean  response  rate  of  these  rats  when  dosed  with  the  drug  and 
sham-exposed  rose  from  3.3  (0.6  SD)  for  a  dose  of  0.25  mg/kg  to  a 
maximum  of  8.9  (2.4  SD)  for  2.0  mg/kg,  with  consequent  reductions  in 
frequency  of  correct  responses  yielding  reinforcement,  as  discussed 
below.  Although  the  SDs  were  larger  at  the  higher  doses  in  this  range, 
the  increases  in  total  responses  per  min  were  monotonic  with  dose  and 
the  trend  appeared  to  be  statistically  significant.  For  doses  larger 
than  2.0  mg/kg,  the  mean  response  rate  declined  sharply  (with  large  SDs) 
to  0  for  4.5  mg/kg. 

By  contrast,  the  mean  total  response  rate  of  these  rats  dosed  with  the 
drug  and  RFR-exposed  rose  from  5.1  for  0.25  mg/kg  to  a  maximum  of  7.1 
for  0.5  mg/kg,  values  that  were  significantly  higher  than  those  for  the 
corresponding  doses  without  RFR-exposure.  Above  0.5  mg/kg,  the  mean 
total  response  rate  declined  sharply  to  0.6  for  1.0  mg/kg  and  0  for  1.5 
mg/kg.  These  results  indicate  that  RFR-exposure  after  injecting  a  given 
dose  of  d-amphetaraine  yielded  behavior  similar  to  that  obtained  with  a 
larger  dose  without  RFR-exposure. 

For  the  three  rats  studied  under  the  multiple-exposure  condition,  the 
mean  baseline  performance  and  the  mean  performances  for  saline  injection 
followed  by  sham-  or  RFR-exposure  were  not  significantly  different  from 
the  values  for  the  other  saline-injected  rats.  Also,  the  dose-response 
functions  with  and  without  multiple  RFR-exposures  were  qualitatively 
similar  to  those  with  and  without  single  RFR-exposures  even  though  the 
performances  of  the  former  group  were  determined  24  hr  after  the  final 
exposure.  With  multiple  sham-exposures,  maximum  responses  were  obtained 
for  2.0  mg/kg,  with  a  sharp  decline  to  0  for  4.5  mg/kg.  For  0.25  mg/kg, 
the  total  response  rate  with  multiple  RFR-exposures  was  significantly 
higher  than  with  multiple  sham-exposures;  for  0.5  mg/kg,  it  rose  to  a 
maximum;  and  for  2.0  mg/kg,  it  declined  sharply  to  0. 

Representative  cumulative-response  records  for  rats  from  both  groups 
were  displayed.  The  slope  of  such  a  record  for  any  sub-interval  of  time 
indicated  the  mean  rate  of  lever  pressing  during  that  period  (including 
incorrect  presses  that  did  not  yield  a  food  pellet)  and  was  a  measure  of 
the  activity  of  the  rat;  the  number  of  downward  deflections  during  that 
period  represented  the  number  of  correct  (pellet-producing)  responses. 
For  example,  a  presumably  typical  record  for  one  of  the  single-exposure 
rats  showed  that  for  a  dose  of  0.5  mg/kg,  the  slope  during  the  first 
half-hour  of  the  test  period  after  RFR-exposure  was  about  twice  that  for 
the  same  rat  after  sham-exposure,  but  the  number  of  correct  responses 
with  RFR  was  only  about  a  third  of  the  number  without  RFR.  For  1.0 
mg/kg,  this  rat  performed  rapidly  but  poorly  after  shara-exposure,  but 


hardly  at  all  after  RFR-exposure . 


In  their  discussion,  the  authors  indicated  that  the  modest  average 
power  density  may  have  produced  relatively  high  local  SAP.s,  particularly 
in  the  head  by  resonant  absorption,  which  could  have  selectively  heated 
the  brain.  In  addition,  head  resonance  could  have  yielded  energy  values 
above  the  threshold  for  the  RFR-hearing  effect.  However,  the  authors 
discounted  these  possibilities  because  they  would  not  account  for  the 
persistence  of  the  behavioral  effects  for  1  hr  after  cessation  of  the 
single  exposures  and  25  hr  after  the  last  of  the  multiple  exposures. 

The  effects  of  body  restraint,  which  can  synergize  with  low  RFR  levels 
and  stressful  events  to  produce  sizable  elevations  of  body  temperature, 
were  considered  and  discounted  because  restraint  of  the  rats  injected 
with  saline  and  exposed  to  RFR  produced  no  significant  deviations  from 
the  baseline  values  and  the  dose-effect  functions  of  unrestrained  and 
restrained  rats  not  exposed  to  RFR  were  the  same. 

Because  d-amphetamine  has  been  reported  anecdotally  to  heighten  human 
perception  with  the  various  senses,  it  could  be  hypothesized  that  rats 
can  perceive  lower  levels  of  RFR  under  the  influence  of  the  drug  than  in 
its  absence,  and  that  such  perception  would  alter  their  behavior.  This 
hypothesis,  however,  would  not  account  for  the  24-hr  persistence  of  the 
influence  of  RFR  seen  in  the  multiple-exposure  group. 

In  a  subsequent  study,  Thomas  et  al.  (1980)  extended  their  work  on  the 
interactions  of  RFR  with  chlordiazepoxide  and  d-amphetamine  to  include 
diazepam  and  chlorproraazine .  Diazepam  (Valium)  is  a  widely  prescribed 
minor  tranquilizer  and  skeletal  muscle  relaxant.  Chlorpromazine ,  used 
as  a  sedative  and  as  an  antieraetic,  is  a  phenothiazine  derivative  and  in 
a  different  class  of  drugs  than  chlordiazepoxide  and  diazepam  which  are 
benzodiazepine  derivatives. 

Four  Long-Evans  Hooded  (LEH)  male  rats  and  four  albino  male  rats 
served  as  subjects.  All  were  maintained  at  80%  of  their  free-feeding 
weights  of  360-380  g  throughout  the  study  and  trained  on  a  fixed- 
interval,  1-rain  (FI  1)  schedule  of  reinforcement  until  stable  baseline 
performance  was  obtained  (about  3  months).  Dose-effect  functions  were 
then  obtained  for  chlorproraazine  over  the  dose  range  0.25-4  mg/kg  with 
the  LEH  rats  and  for  diazepam  over  the  dose  range  0.5-20  mg/kg  with  the 
albino  rats.  A  single  dose  was  given  intraperitoneally  30  min  before 
each  session  and  doses  were  given  in  mixed  order,  with  at  least  three 
replications  for  each  dose. 

Effects  were  evaluated  by  comparing  the  response  rate  and  the  response 
pattern  within  an  FI  interval  with  corresponding  baseline  performance. 
The  response  rate  for  each  session  was  taken  as  the  total  number  of 
responses  divided  by  the  session  duration;  the  response  pattern  within 
intervals  was  evaluated  by  the  index  of  curvature,  calculated  from  the 
accumulated  responses  in  each  of  the  12  successive  5-second  periods  of 
the  FI. 


Chlorpromazine  lowered  both  the  response  rate  and  the  index  of  curva¬ 
ture  with  increasing  doses  for  all  four  LEH  rats.  The  response  rates 
stayed  within  baseline  variability  for  doses  out  to  about  1  mg/kg  and 
declined  thereafter.  Diazepam  produced  little  change  or  slight  in¬ 
creases  in  the  response  rate  by  the  albino  rats  at  doses  up  to  about  2.5 
mg/kg,  with  a  decline  in  the  response  rate  thereafter.  The  index  of 
curvature  usually  declined  with  increasing  doses  of  diazepam. 

Dose-effect  functions  for  the  two  drugs  were  obtained,  but  the  rats 
were  exposed,  during  the  30  min  before  a  session,  to  2.8-GHz  pulsed  RFR 
(2-microsecond  pulses  at  500  Hz)  at  1  mW/sq  cm  average  power  density 
(0.2  W/kg)  right  after  administration  of  the  drug.  RFR-exposure  did  not 
seem  to  significantly  alter  the  effects  of  diazepam  or  chlorpromazine  on 
FI  performance,  in  contrast  to  the  positive  results  with  chlordiazepox- 
ide  and  d-amphetamine .  Thus,  although  chlordiazepoxide  and  diazepam  are 
in  the  same  pharmacological  activity  or  classification  class,  this  point 
alone  is  not  sufficient  to  predict  synergistic  or  antagonistic  effects 
with  low-level  RFR-exposure,  and  such  apparently  contradictory  findings 
are  difficult  to  reconcile. 

Pappas  et  al.  (1983)  performed  three  experiments  to  study  RFR-induced 
alterations  of  pentylenetetrazol-induced  seizures  and  the  effects  of  RFR 
on  the  efficacy  of  chlordiazepoxide  for  counteracting  such  seizures. 

In  experiment  1,  rats  in  individual  circular  acrylic  cages  spaced 
about  3  wavelengths  apart  in  an  anechoic  chamber  were  sham-exposed  or 
exposed  from  above  in  pairs  for  30  min  to  far-field,  circularly  polar¬ 
ized  2.7-GHz  pulsed  RFR  (2-microsecond  pulses  at  500  pps)  at  5,  10,  15, 
or  20  mW/sq  cm  (average).  The  SARs  were  determined  by  measuring  the 
rectal-temperature  increases  for  rats  anesthetized  with  sodium  pentobar¬ 
bital  (45  mg/kg)  and  singly  exposed  for  3  rain  at  144  mW/sq  cm.  With 
heat-loss  corrections  in  rats  sham-exposed  for  3  rain,  the  results  yield¬ 
ed  1.5  W/kg  for  10  mW/sq  cm.  Prior  to  exposure,  each  rat  was  weighed, 
its  rectal  temperature  was  recorded,  and  it  was  injected  intraperitone- 
ally  with  1.0  ml/kg  of  saline.  After  exposure,  the  rectal  temperatures 
of  the  rats  were  recorded  again;  the  rats  were  injected  with  the 
seizure-inducing  drug  pentylenetetrazol  (PTZ)  at  0,  20,  40,  60,  70,  or 
80  mg/kg  in  1.0  ral/kg  of  saline;  and  seizure  activity  was  studied. 

In  experiment  2,  the  rectal  temperature  of  each  rat  was  measured  and 
the  rat  was  injected  with  chlordiazepoxide  (CDZ)  at  2.0,  7.5,  or  15.0 
mg/kg  prior  to  exposure.  Exposures  were  for  30  min  at  0  (sham),  5,  10, 
or  15  mW/sq  cm  in  factorial  combination  with  the  CDZ  doses.  After 
exposure,  rectal  temperatures  were  measured  again,  the  rats  were 
injected  with  70  mg/kg  of  PTZ,  and  the  strength  of  CDZ  inhibition  of 
seizure  induction  by  PTZ  was  studied. 

In  experiment  3,  part  1  was  done  to  check  some  results  of  experiment 
1;  rats  were  injected  with  60  mg/kg  of  PTZ  after  exposure  at  0,  5,  10, 
15,  or  20  mW/sq  cm.  In  part  2,  designed  to  check  some  results  of 
experiment  2,  rats  were  injected  with  7.5  mg/kg  of  CDZ  prior  to,  and 
with  70  mg/kg  of  PTZ  after,  exposure  at  those  power  densities.  The 


effect  of  each  treatment  on  seizure  activity  was  determined. 
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In  each  experiment,  the  rats  were  watched  for  signs  of  seizure  acti¬ 
vity  for  8  rain  after  injection  of  PTZ.  The  latency  interval  to  the  on¬ 
set  of  the  first  sign  was  recorded  and  seizure  intensity  was  rated  on  a 
scale  from  0  (no  seizure,  normal  exploratory  activity)  to  4  (wild  run¬ 
ning  and  tonic-clonic  convulsions  with  99X  mortality). 

Average  preexposure  core  temperature  for  all  rats  was  36.8  deg  C.  In 
experiment  1,  the  mean  postexposure  core-temperature  increases  were  0.5, 
0.74,  0.75,  and  1.35  deg  C  for  respectively  0,  5,  10,  and  15  mW/sq  cm 
(0,  0.75,  1.5,  and  2.25  W/kg).  By  analysis  of  variance  with  body  weight 
as  the  covariate  and  temperature  increase  as  the  dependent  variable, 
body  weight  accounted  for  a  significant  amount  of  the  variability  and 
RFR-exposure  was  the  main  effect;  although  sham-exposure  yielded  a  rise 
of  0.5  deg  C,  the  RFR-induced  rises  were  significantly  (p<0.05)  larger. 

In  experiment  1,  latency-to-seizure  times  after  PTZ  injection  de¬ 
creased  with  increasing  PTZ  dose  for  all  power  densities,  reaching  a 
plateau  of  about  50  seconds  at  60  mg/kg.  Analysis  of  variance  with  PTZ 
dose  and  RFR  power  density  as  independent  variables  showed  a  significant 
effect  of  dose:  Post-hoc  analysis  with  Tukey's  test  indicated  that  al¬ 
though  the  60-,  70-,  and  80-mg/kg  groups  did  not  differ  from  one  another 
(plateau  region),  all  other  between-group  comparisons  were  significant. 
Analysis  of  variance  also  showed  a  slight  but  significant  (p<0.032)  main 
effect  of  RFR.  In  post-hoc  analysis  (Tukey's  test),  the  rats  exposed  at 
15  mW/sq  cm  (2.25  W/kg)  exhibited  significantly  shorter  latencies  than 
the  sham-exposed  rats;  the  latencies,  averaged  across  PTZ  doses,  were 
82.9  and  89.4  seconds,  respectively.  However,  interaction  between  PTZ 
dose  and  RFR  power  density  was  not  found. 

In  experiment  1,  the  mean  seizure-intensity  score  vs  PTZ  dose  ranged 
monotonically  from  0  at  0  mg/kg  to  about  3.8  at  80  mg/kg,  with  no 
apparent  effect  of  power  density.  Analysis  of  variance  with  PTZ  dose 
and  power  density  as  independent  variables  showed  a  significant  effect 
of  dose,  each  dose  yielding  a  significantly  higher  seizure  intensity 
than  all  lower  doses,  and  a  significant  main  effect  of  power  density. 
Post-hoc  analysis  (Tukey's  test)  showed  that  the  mean  seizure  intensity 
was  significantly  greater  for  rats  exposed  at  15  mW/sq  cm  (2.25  W/kg) 
than  at  5  mW/sq  cm  (0.75  W/kg),  but  that  none  of  the  values  for  the  RFR 
groups  differed  significantly  from  those  for  the  sham-exposed  group. 
Again  there  was  no  interaction  between  PTZ  dose  and  RFR  power  density. 

The  authors  suggested  that  the  significant  changes  in  seizure  latency 
and  intensity  at  15  mW/sq  cm  (2.25  W/kg)  obtained  in  experiment  1  could 
have  been  due  to  local  brain  hyperthermia  rather  than  to  alteration  of 
the  effect  of  PTZ  on  brain  neuronal  activity. 

For  experiment  2,  the  CDZ  doses  used  to  inhibit  PTZ-induced  seizures 
were  derived  from  the  unpublished  results  of  a  pilot  study  by  Pappas, 
Anisman,  and  Ings.  They  had  found  that  2.0,  7.5,  and  15  mg/kg  of  CDZ 
respectively  caused  minimal,  modest,  and  maximal  attenuation  of  the 
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seizure-inducing  effects  of  70  mg/kg  of  PTZ. 

Analysis  of  variance  of  the  core-temperature  changes  in  experiment  2 
showed  significant  main  effects  for  both  CDZ  dose  and  power  density, 
with  no  interaction  between  them.  Core  temperature  was  progressively 
reduced  from  baseline  (37.7  deg  C)  with  increasing  CDZ  dose.  After  the 
data  were  collapsed  over  power  density,  the  temperature  reductions  at 
7.5  and  15.0  (but  not  at  2.0)  mg/kg  were  significant  relative  to  the 
mean  core  temperature  of  the  saline-control  group,  and  the  reduction  at 
15.0  mg/kg  was  significantly  larger  than  at  7.5  mg/kg,  which,  in  turn, 
was  significantly  larger  than  at  2.0  mg/kg.  Collapsing  the  data  over 
CDZ  dose  indicated  that  only  15  mV/sq  cm  (2.25  W/kg)  increased  core 
temperature  significantly  relative  to  that  of  the  snam-exposed  group. 

Analysis  of  variance  of  the  seizure-onset  latencies  in  experiment  2 
showed  that  CDZ  significantly  increased  the  latency  time  in  a  clearly 
dose-dependent  manner.  The  analysis  also  showed  a  main  effect  of  power 
density  and  a  significant  CDZ-RFR  interaction.  By  subsequent  analysis, 
however,  the  effect  of  RFR  could  be  ascribed  to  two  observations:  that 
rats  given  7.5  mg/kg  of  CDZ  had  longer  latencies  after  exposure  at  15 
raW/sq  cm  (2.25  W/kg)  than  at  0,  5,  or  10  mW/sq  cm  (0,  0.75,  or  1.5  W/kg) 
and  that  the  latencies  of  rats  given  15  mg/kg  were  shorter  following 
exposure  at  5  mW/sq  cm  (0.75  W/kg)  than  at  0,  10,  or  15  mW/sq  cm  (0, 

1.5,  or  2.25  W/kg). 

Analysis  of  variance  of  the  seizure-intensity  scores  of  experiment  2 
indicated  significant  main  effects  of  CDZ  dose  and  power  density,  and  a 
significant  interaction  between  them.  All  CDZ  doses  except  2.0  mg/kg 
lowered  seizure  intensity  significantly  relative  to  saline  controls  at 
every  power  density.  However,  the  RFR  effect  was  entirely  accounted  for 
by  only  one  difference:  The  group  given  7.5  mg/kg  of  CDZ  and  exposed  at 
15  mW/sq  cm  exhibited  a  significantly  lower  seizure  intensity  than  its 
corresponding  sham-exposed  group. 

Thus,  the  only  consistent  effect  of  RFR  on  the  two  seizure  parameters 
in  experiment  2  was  for  rats  given  7.5  mg/kg  of  CDZ;  exposure  at  15 
mW/sq  cm  (2.25  W/kg)  increased  their  latency-to-seizure  times  and  re¬ 
duced  the  intensity  of  their  seizures.  The  authors  noted  that  7.5  mg/kg 
was  close  to  the  threshold  dose  for  protection  against  seizure  and  they 
reasoned  that  RFR-exposure  may  be  effective  only  near  the  dose  thresh¬ 
old,  since  15  mg/kg  of  CDZ  already  provided  effective  protection  (with¬ 
out  RFR)  but  2.0  mg/kg  offered  virtually  none.  They  also  suggested  the 
possibility  that  the  apparent  positive  findings  were  ascribable  to  ran¬ 
dom  (Type  II)  statistical  error.  Experiment  3  was  performed  to  test 
these  hypotheses. 

In  experiment  3,  groups  v>f  rats  were  exposed  for  30  min  at  0,  5,  10, 
15,  or  20  mW/sq  cm,  following  which  they  were  given  60  mg/kg  of  PTZ; 
other  groups  of  rats  were  given  7.5  mg/kg  of  CDZ,  exposed  at  those 
levels  of  RFR,  and  subsequently  given  70  mg/kg  of  PTZ.  Temperatures  and 
seizure  data  were  obtained  as  before.  The  principal  experimenter  was 
unaware  of  the  level  of  RFR  administered  to  each  rat.  (Presumably  this 


was  not  the  case  in  the  previous  experiments.) 


Analysis  of  variance  of  the  core-temperature  data  for  the  rats  in¬ 
jected  only  with  PTZ  showed  a  significant  effect  of  power  density;  by 
Tukey's  test,  temperature  elevations  of  RFR-exposed  rats  relative  to 
those  of  sham-exposed  rats  were  significant  for  10  mW/sq  cm  (1.5  W/kg) 
or  higher.  However,  there  was  no  significant  relationship  between  power 
density  and  latency-to-seizure  time  or  seizure-severity  score.  For  the 
rats  given  CDZ  before  RFR-exposure ,  analysis  of  variance  of  the  temper¬ 
ature  data  again  showed  a  significant  effect  of  power  density,  but  by 
Tukey's  test,  the  mean  temperature  of  only  the  rats  exposed  at  20  mW/sq 
cm  (3  W/kg)  differed  significantly  from  that  of  the  sham-exposed  rats. 

Comparison  of  the  temperature-vs-power-density  curves  of  the  CDZ/PTZ 
rats  and  PTZ-only  rats  indicated  that  the  hyperthermic  effects  of  RFR- 
exposure  were  attenuated  by  CDZ  and/or  that  the  hypothermic  effects  of 
CDZ  were  counteracted  by  RFR-exposure.  However,  analysis  of  variance  of 
the  seizure  data  for  the  CDZ/PTZ  rats  showed  no  significant  effect  of 
power  density  on  either  latency  or  severity.  Thus,  despite  the  thermal 
antagonism  between  CDZ  and  RFR,  the  latter  did  not  alter  the  protective 
efficacy  of  this  CDZ  dose  against  PTZ-induced  seizure. 

About  experiment  3,  the  authors  stated:  "This  experiment,  which  em¬ 
ployed  a  more  rigorous  (rater  blind)  seizure  scoring  procedure  than  our 
earlier  experiments,  failed  to  support  the  hints  from  those  experiments 
that  high  (15  mW/sq  cm)  or  even  higher  (20  mW/sq  cm)  pulsed  microwave 
power  densities  enhance  PTZ  seizures  and  increase  the  antiseizure  pro¬ 
tection  afforded  by  7.5  mg/kg  of  CDZ.  We  conclude  that  these  earlier 
hints  which  were  restricted  to  only  a  few  of  the  many  possible  compar¬ 
isons  represented  spurious,  Type  II  statistical  errors  although  we  can¬ 
not,  of  course,  rule  out  the  possibility  of  experimenter  bias." 

The  authors  also  noted  the  following,  with  appropriate  citations:  "It 
is  currently  believed  that  PTZ  induces  seizures  by  blocking  the  inhibi¬ 
tory  effects  of  the  neurotransmitter  GABA  as  well  as  by  a  direct  effect 
on  neuronal  membranes.  Conversely,  chlordiazepoxide,  which  as  shown 
here  effectively  blocks  PTZ  seizures,  appears  to  facilitate  GABA  trans¬ 
mission  through  a  postsynaptic  action.  From  the  present  experiments  in 
which  microwaves  reliably  affected  neither  PTZ  nor  CDZ  action,  it  would 
appear  that  brief,  acute  exposure  to  such  radiation  has  no  pharmacologi¬ 
cally  significant  effect  upon  GABA  neurons." 

The  experimental  design  of  this  study,  the  statistical  treatment  of 
the  data,  and  the  lucid  presentation  of  the  results  are  commendable.  In 
particular,  the  inclusion  of  sal ine- inj ected  controls  and  sham-exposed 
groups  as  well  as  adequate  numbers  of  rats  in  all  groups  engenders  much 
confidence  in  the  findings. 

Pappas  et  al.  (1983)  noted  also  that  their  negative  results  seem  to  be 
at  variance  with  those  of  Thomas  et  al.  (1979),  who  found  that  exposure 
of  rats  trained  on  a  fixed-interval  (FI)  behavior  schedule  to  2.45-GHz 
pulsed  RFR  at  1  mW/sq  cm  (average)  did  not  alter  their  behavior.  Thomas 


et  al.  (1979)  also  had  established  a  dose-effect  relationship  for  CDZ 
over  the  range  1-40  mg/kg  on  the  FI  behavior  schedule.  They  then  found 
that  exposure  to  the  RFR  immediately  after  administering  CDZ  yielded  a 
dose-effect  curve  of  the  same  shape  as  that  without  the  RFR  but  of  about 
twice  the  magnitude.  Possible  reasons  for  the  differences  in  findings 
of  the  two  studies  (besides  the  widely  different  biological  endpoints) 
would  be  speculative. 

Ashani  et  al.  (1980)  divided  adult  male  rats  (Tac :N[ SD]fBR)  of  weights 
250-388  g  into  three  treatment  groups.  Those  in  Group  A  were  injected 
with  0.05-0.12  ml  of  the  anticholinesterase  drug  phospholine  (iodide)  at 
0.030,  0.040,  0.045,  0.050  or  0.055  mg/kg  and  were  sham-exposed.  Those 
in  Group  B  were  given  phospholine  (same  doses),  followed  10  min  later  by 
exposure  to  2.8-GHz  pulsed  RFR  (2-microsecond  pulses  at  500  pps)  at  10 
mW/sq  cm  (average)  in  the  anechoic  chamber  used  by  Thomas  et  al.  (1979). 
The  rats  in  Group  C  were  given  phospholine  at  the  same  doses  3  min  after 
exposure  to  the  RFR.  The  mean  SAR  was  not  determined,  but  is  estimated 
to  have  been  about  2  W/kg  (Durney  et  al . ,  1978,  p.  95).  A  thermistor  or 
clinical  thermometer  was  used  to  measure  core  temperatures  before  drug 
injection,  just  after  exposure,  and  at  various  later  intervals. 

Before  and  after  treatment,  some  rats  of  each  group  were  housed  two 
per  cage  in  standard  cages  at  25-26  deg  C,  with  food  and  water  available 
ad  libitum,  and  their  core  temperatures  were  measured  at  intervals  of  40 
min  for  240  min  after  treatment.  Other  rats  were  similarly  housed  and 
measured,  but  the  ambient  temperature  was  decreased  to  10  deg  C  during 
post-treatment  time  intervals  80-140  min  and  260-320  min.  (Such  changes 
of  ambient  temperature  were  used  to  enhance  any  hypothermia  induced  by 
treatment.)  The  control  rats  for  each  treatment  group  were  given  saline 
instead  of  phospholine. 

Mean  core  temperatures  taken  90  min  after  treatment  (without  reduction 
of  ambient  temperature)  were  plotted  vs  dose  for  the  three  treatments. 
The  means  for  Group  A,  estimated  from  the  plotted  points,  were  38.5, 
38.4,  38.0,  37.8,  and  37.1  deg  C  respectively  for  the  five  doses  in 
increasing  order.  The  corresponding  values  for  Group  B  were  38.5,  37.8, 
37.3,  37.3,  and  37.0  deg  C.  Thus,  the  largest  core-temperature  changes 
occurred  for  the  intermediate  doses  of  the  drug,  indicating  the  possible 
existence  of  a  drug-dose  "window"  for  most  effective  RFR  interaction. 

The  mean  core  temperatures  for  Group  C  were  38.3,  37.8,  38.1,  37.6,  and 
36.7  deg  C,  which  were  comparable  to  those  for  Group  A. 

T-test  analysis  of  the  dependence  of  core  temperature  on  dose  for 
Group  A  showed  that  the  mean  temperatures  for  0.030-0.045  rag/kg  did  not 
differ  significantly  from  one  another,  but  that  the  differences  for 
0.045-0.055  rag/kg  were  significant.  Group  C  yielded  similar  results. 

For  Group  B,  however,  the  differences  in  mean  temperatures  for  0.030- 
0.045  rag/kg  were  significant,  as  well  as  those  for  0.045-0.055.  Thus, 
all  three  groups  suffered  progressive  hypothermia  with  increasing  dose, 
but  the  effect  was  more  severe  for  Group  B  than  either  Group  A  or  Group 
C,  which  did  not  differ  significantly  from  each  other. 


Plots  of  mean  core  temperature  vs  time  for  sham-exposed,  saline- 
control  rats  held  at  25-26  deg  C  during  the  entire  post-treatment  test 
period  showed  a  value  of  38.8  deg  C  at  0  min  (immediately  after  treat¬ 
ment),  a  drop  to  38.3  at  AO  min,  and  minor  variations  from  the  latter  at 
later  times.  The  temperature  of  the  sham-exposed,  saline-control  rats 
held  at  the  lower  ambient  temperature  dropped  to  38.1  deg  C  at  AO  min, 
but  the  results  were  otherwise  similar.  Regarding  comparative  results 
with  RFR,  the  authors  stated  (without  presenting  data):  "The  same  pro¬ 
files  were  recorded  for  irradiated  and  nonirradiated  rats  that  did  not 
receive  the  anticholinesterase  drug."  They  also  noted  that  all  the  rats 
(more  than  200)  in  this  study  exhibited  relatively  high  initial  core 
temperatures,  which  they  ascribed  to  the  stress  imposed  during  preli¬ 
minary  handling  and  temperature  measurement. 

To  ascertain  the  origin  of  the  hypothermia  induced  by  phospholine, 
some  unexposed  rats  were  injected  with  0.022  mraole/kg  of  atropine 
sulfate  or  atropine  methyl  nitrate  (both  antidotes  for  phospholine)  or 
with  saline  5  rain  before  injection  of  0.0A5  mg/kg  of  phospholine.  The 
temperatures  of  the  rats  were  measured  for  3  hr  at  ambient  temperature: 
25-26  deg  C  during  the  first  hr,  10  deg  C  for  the  next  hr,  and  25-26  deg 
C  for  the  remaining  hr.  All  the  rats  had  an  initial  core  temperature  of 
38.8  deg  C.  The  mean  temperatures  of  the  saline  controls  at  1,  2,  and  3 
hr  post-treatment  were  respectively  37.6,  36.9,  and  37.5  deg  C; 
corresponding  temperatures  for  the  rats  given  atropine  sulfate  were 
38. A,  37.5,  and  38.0  deg  C;  and  those  for  the  rats  given  atropine  methyl 
nitrate  were  37.1,  36. A,  and  36.8  deg  C.  Thus,  atropine  sulfate  reduced 
phospholine-induced  hypothermia  and  atropine  methyl  nitrate  enhanced  it. 

To  determine  the  effects  of  the  antidotes  alone,  other  unexposed  rats 
were  injected  with  atropine  sulfate  or  atropine  methyl  nitrate  followed 
by  saline  instead  of  phospholine.  The  core  temperatures  obtained  with 
the  former  were  respectively  38.2,  38.0,  and  37.6  deg  C  at  1,  2,  and  3 
hr.  The  corresponding  temperatures  for  atropine  methyl  nitrate  were 
37.9,  37.7,  and  37.6  deg  C,  and  the  differences  at  corresponding  times 
were  smaller  than  for  those  with  phospholine  present.  Thus,  both  of  the 
antidotes  induced  hypothermia. 

Groups  of  rats  were  subcutaneously  injected  with  0.2  mg/kg  of  another 
anticholinesterase  drug,  paraoxon,  followed  10  min  lat$  by  10  min  of 
RFR-  or  sham-exposure.  The  mean  core  temperature  of  both  groups  dropped 
from  39.0  to  about  36  deg  C  at  80  min,  the  start  of  the  first  60-rain 
interval  at  10  deg  C.  At  interval  end  (1A0  min  after  treatment),  the 
mean  core  temperature  of  the  RFR-exposed  rats  dropped  to  33.6  deg  C  as 
contrasted  with  35.0  for  the  sham-exposed  rats.  The  mean  temperatures 
of  both  groups  rose  to  37.7  deg  C  at  260  min,  the  start  of  the  second 
60-min  interval  at  10  deg  C,  and  decreased  to  35.7  and  36. A  deg  C  for 
the  RFR  and  sham  groups,  respectively,  at  the  end  of  that  interval.  The 
difference  in  means  at  1A0  min  was  significant.  Thus,  exposure  to  the 
RFR  significantly  enhanced  the  hypothermia  induced  by  paraoxon,  as  was 
the  case  for  phospholine. 

Other  groups  of  rats  were  injected  with  50  mg/kg  of  2-pyridine  aldox- 


irae  methyl  methanesulf onate  (F2S),  an  antidote  for  paraoxon,  and  10  min 
later  were  RFR-  or  sham-exposed  for  10  min.  The  hypothermia  shown  by 
both  groups  was  less  pronounced  than  for  paraoxon,  but  again  the  mean 
temperature  for  the  RFR  group  at  140  min  was  significantly  lower  than 
for  the  sham  group. 

In  the  final  set  of  experiments,  temperature  profiles  were  obtained 
for  groups  of  rats  given  P2S,  exposed  to  the  RFR  for  10  min,  and  in¬ 
jected  10  rain  later  with  paraoxon.  At  0  min  (after  paraoxon  injection), 
the  mean  core  temperature  was  38.9  deg  C  for  both  groups,  but  the  values 
for  the  RFR  group  were  lower  than  those  for  the  sham  group  at  all  cor¬ 
responding  subsequent  times.  Specifically,  at  80  and  160  min,  the  start 
and  end  of  the  10-deg-C  interval,  the  core  temperatures  for  the  RFR 
group  were  35.4  and  33.7  deg  C,  respectively,  and  the  corresponding 
values  for  the  sham  group  were  36.3  and  35.2  deg  C.  The  values  for  the 
RFR  group  at  260  and  320  min,  spanning  the  second  10-deg-C  interval, 
were  respectively  35.7  and  34.8,  and  those  for  the  sham  group  were  36.7 
and  36.2  deg  C.  These  differences  were  larger  than  those  for  injection 
with  P2S  that  was  not  followed  with  paraoxon. 

Ashani  et  al.  (1980)  stated:  "Rats  administered  0.045  mg/kg  phospho- 
line  iodide  developed  slight  poisoning  symptoms  such  as  f asciculations 
and  tremors.  Furthermore,  peripheral  inhibition  of  AChE  induced  pos¬ 
sible  changes  in  several  physiological  systems  such  as  cardiovascular 
impairments.  Therefore,  it  will  be  impossible  to  relate  the  observed 
combined  effects  on  the  hypothermia  to  a  specific  mechanism." 

Since  few  people  ingest  anticholinesterase  drugs  or  their  antidotes, 
there  appears  to  be  no  direct  significance  of  the  findings  of  this 
investigation  with  regard  to  possible  effects  of  RFR  on  human  health. 

On  the  other  hand,  the  authors  suggested  that  use  of  certain  drugs  in 
combination  with  RFR  might  enhance  the  effects  of  RFR,  and  therefore 
such  use  would  serve  as  a  tool  for  investigating  possible  effects  of 
low-level  RFR,  by  implication,  in  the  absence  of  such  drugs. 

Most  of  the  results  of  this  study  demonstrated  the  converse,  that  RFR 
enhanced  the  effects  of  the  drugs  used,  but  with  no  clear  evidence  that 
RFR  would  induce  effects  in  the  absence  of  the  drugs.  However,  the  au¬ 
thors  noted  that  "P2S  is  a  powerful  reactivator  of  phosphorylated  ace¬ 
tylcholinesterase  and  cannot  penetrate  the  blood-brain  barrier,  presum¬ 
ably  due  to  the  presence  of  a  positive  charge  on  the  aromatic  quaternary 
nitrogen.  We  could  show  that  low-level  microwave  irradiation  of  rats 
injected  with  50  mg/kg  P2S  reduced  significantly  the  body  temperature 
compared  to  that  of  the  nonirradiated  control  group  that  received  the 
same  dose  of  P2S."  A  possible  interpretation  of  this  finding  is  that 
the  RFR  increased  the  permeability  of  the  BBB  to  P2S,  but  this  interpre¬ 
tation  would  not  apply  to  the  positive  findings  with  paraoxon  because, 
as  indicated  by  the  authors,  paraoxon  readily  passes  through  the  BBB. 

Lai  et  al.  (1983)  exposed  male  Sprague-Dawley  rats  (250-300  g)  to 
2.45-GHz  circularly  polarized,  pulsed  RFR  (2-microsecond  pulses,  500 
pps)  in  a  cylindrical-waveguide  system  (Guy  et  al . ,  1979)  at  a  time- 


averaged  and  spatially-averaged  power  density  of  1  raW/sq  cm  for  45  min 
at  an  ambient  temperature  of  22.0  deg  C.  The  SAR,  determined  calori- 
metrically,  was  0.6  W/kg.  (With  linearly  polarized  plane-wave  RFR,  the 
corresponding  average  power  density  would  be  3  to  6  mW/sq  cm.)  Right 
after  exposure,  one  of  several  drugs  was  administered  and  their  effects 
were  studied.  The  control  rats  were  sham-exposed  concurrently  and 
otherwise  treated  similarly.  Each  rat  was  given  only  one  treatment. 

All  drug  experiments  were  performed  in  the  blind  (without  knowing 
whether  any  given  rat  was  RFR-  or  sham-exposed). 

The  first  experiment  was  directed  toward  determining  the  effect  of 
RFR-exposure  on  apomorphine- induced  stereotypy.  Apomorphine  (hydro¬ 
chloride,  1  mg/kg,  with  1  mg/ml  of  1-ascorbic  acid,  in  saline)  was  sub¬ 
cutaneously  injected  immediately  after  exposure.  Following  injection, 
each  rat  was  placed  in  a  plastic  cage  covered  with  a  metal  grid,  and  its 
stereotypic  behavior  was  observed  for  5  min  and  at  subsequent  15-min 
intervals  for  1  hr.  The  rating  scale  below  was  used,  with  the  sum  of 
the  five  ratings  taken  as  the  stereotypic  behavior  score  for  the  rat: 

1)  awake  but  largely  immobile 

2)  moving  with  short  bursts  of  sniffing 

3)  moving  over  the  area  of  the  cage  with  continuous  sniffing  and  rearing 

4)  some  or  no  movement  and  continuous  sniffing  with  head  directed  down 

5)  same  as  4,  but  with  licking,  biting,  or  gnawing 

Results  of  the  first  experiment  were  a  mean  score  of  17.2  for  15  RFR- 
exposed  rats  and  14.5  for  9  sham-exposed  rats  (no  standard  errors  or 
deviations  given).  The  percentage  of  the  mean  score  in  each  rating  was 
displayed  for  each  group.  For  ratings  1  through  5,  the  values  for  the 
RFR  group  were  respectively  8Z,  11X,  32Z,  28Z,  and  21Z.  Corresponding 
values  for  the  sham  group  were  20Z,  11X,  38Z,  24X,  and  7X.  Thus,  the 
RFR  group  yielded  lower  percentages  for  ratings  1  and  3,  and  higher 
percentages  for  ratings  4  and  5  than  the  sham  group.  By  2-tailed  Mann- 
Whitney  U-test,  the  differences  were  significant.  The  authors  stated: 
"Microwave  exposure  shifted  the  distribution  towards  the  higher  scores, 
ie,  more  intense  stereotypy  with  biting  and  clawing  being  observed  in 
the  microwave-treated  animals." 

The  effect  of  RFR-exposure  on  the  hypothermia  induced  by  apomorphine 
was  studied  in  the  next  experiment.  The  colonic  temperature  of  each  rat 
was  measured  right  after  exposure,  the  rat  was  injected  with  apomorphine 
(1  mg/kg),  and  its  colonic  temperature  was  recorded  again  for  1  hr  at 
15-min  intervals.  The  results  were  displayed  as  the  mean  change  in 
colonic  temperature  vs  time  interval  after  injection  for  15  RFR-exposed 
rats,  and  similarly  for  12  sham-exposed  rats.  For  the  RFR  group,  the 
mean  colonic  temperature  immediately  after  exposure  was  38.3  deg  C  and 
for  the  sham  group,  38.2  deg  C. 

Fifteen  min  after  injection,  the  mean  temperature  of  the  RFR  group  had 
decreased  by  0.95  deg  C,  whereas  the  decrease  for  the  sham  group  was 
only  0.63  deg  C.  Progressive  recovery  from  the  hypothermia  was  evident 
for  both  groups  at  30  min  and  45  rain  after  injection.  By  nonpararaetr ic 


test  (Krauth,  1980),  the  difference  between  the  groups  was  significant, 
indicating  that  the  RFR  had  enhanced  apomorphine ' s  hypothermic  effect. 

In  the  next  experiment,  the  effect  of  RFR  on  the  stereotypy  syndrome 
induced  by  d-amphetamine  was  studied.  Each  rat  was  injected  i.p.  with 
d-amphetamine  (sulphate,  10  mg/kg  in  saline)  immediately  after  exposure, 
placed  in  a  plastic  cage,  and  observed  for  the  presence  of  any  of  three 
normal  behaviors  (immobility,  rearing,  and  forward  walking)  and  three 
abnormal  behaviors  (backward  walking,  circling,  and  head  swaying).  The 
rats  were  observed  for  1  min  every  5  min  during  a  1-hr  session,  starting 
4  min  after  injection.  The  occurrence  of  each  behavior  was  recorded  on 
an  all-or-none  basis  and  the  total  incidence  of  each  was  determined  for 
each  rat.  By  Mann-Whitney  U-test,  the  difference  between  RFR-  and  sham- 
exposed  groups  in  averaged  score  for  each  of  the  six  behaviors  was  not 
significant. 

The  effect  of  RFR  on  amphetamine-induced  hyperthermia  was  studied 
also.  Colonic  temperatures  of  rats  were  measured  right  after  exposure 
and  at  15-rain  intervals  during  the  90-min  period  after  the  rats  were 
injected  i.p.  with  d-amphetamine  (5  mg/kg).  The  results  were  displayed 
as  the  change  in  mean  colonic  temperature  for  each  group  vs  time  inter¬ 
val  ifter  injection.  The  mean  temperature  at  zero  time  was  38.3  deg  C 
for  the  RFR  group  and  38.2  deg  C  for  the  sham  group.  The  temperature  of 
the  sham  group  reached  its  maximum  at  45  min,  at  which  time  it  had  in¬ 
creased  by  1.4  deg  C  to  a  maximum  of  39.6  deg  C,  and  it  diminished  to 
about  39.3  deg  C  at  the  end  of  the  90-min  period.  By  contrast,  the  tem¬ 
perature  of  the  RFR  group  attained  its  maximum  at  60  min,  an  increase  of 
1.2  deg  C  to  39.5  deg  C,  and  then  diminished  to  39.2  deg  C  at  90  min. 
These  differences  between  groups  in  time-dependent  temperature  increases 
were  significant. 

In  the  final  experiment,  morphine  sulphate  was  injected  i.p.  into  rats 
at  doses  of  1,  5,  10,  15,  or  20  rag/kg  immediately  after  exposure.  The 
number  of  animals  exhibiting  catalepsy  at  30  min  after  injection,  i.e., 
general  muscular  rigidity  and  a  certain  posture  for  more  than  1  min,  was 
recorded.  Also  recorded  was  the  number  of  rats  that  died  within  2  hr 
after  injection. 

The  percentages  of  RFR-  and  sham-exposed  rats  that  exhibited  catalepsy 
for  each  dose  were  displayed.  The  authors  had  indicated  that  by  the 
chi-square  test,  the  differences  were  significant.  In  an  erratum  (Lai 
et  al.,  1985),  however,  they  stated  that  the  statistical  method  used  was 
inappropriate  and  that  use  of  the  "logistic  regression"  method  (by  J. 
Crowley,  no  reference  cited)  showed  a  positive  dose-response  in  the  sham 
group  but  no  dose-response  relationship  in  the  RFR  group.  Therefore, 
the  responses  of  the  sham  group  at  low  morphine  doses  were  lower  than  of 
the  RFR  group  and  were  higher  at  high  doses. 

There  were  no  deaths  within  2  hr  in  either  group  for  doses  of  1  or  5 
mg/kg,  but  the  differences  in  percentages  of  deaths  at  10,  15,  and  20 
mg/kg  were  reported  to  be  significantly  higher  in  the  RFR  group.  In  the 
erratum,  however,  the  authors  stated:  "The  probability  of  death  caused 


by  morphine  administration  increased  with  dose  in  a  similar  way  for  both 
microwave-  and  sham-irradiated  groups,  with  no  significant  effects  of 
microwaves . " 

In  the  original  paper,  the  authors  stated:  "It  may  also  be  important 
to  point  out  that  the  effect  of  microwaves  on  drug  action  was  not  ob¬ 
served  in  all  of  the  animals  irradiated.  About  70X  of  the  irradiated 
rats  showed  positive  responses.  Therefore,  large  samples  were  required 
to  achieve  statistically  significant  differences  in  response  between  the 
microwave-  and  sham- irrad iated  animals.  We  are  probably  working  at  an 
intensity  of  microwave  irradiation  close  to  the  threshold  level.  Fur¬ 
thermore,  since  in  our  experiments  drug  actions  were  studied  after 
microwave  irradiation,  the  effect  of  microwaves  might  have  dissipated  in 
some  rats."  Presumably  the  results  for  the  animals  that  did  not  exhibit 
the  effect  were  included  in  the  statistical  treatment  of  the  data.  The 
last  sentence  in  the  quotation  suggests  that  perhaps  exposure  to  RFR 
after  drug  administration  would  yield  more  definitive  results. 

It  is  interesting  to  note  that  the  mean  colonic  temperatures  of  the 
aporaorphine-injected  and  amphetamine- inj ected  groups  immediately  after 
exposure  to  RFR  were  both  0.1  deg  C  higher  than  for  their  respective 
sham-exposed  groups  (38.3  vs  38.2  deg  C  in  both  cases).  Presumably  the 
temperatures  of  the  RFR  group  were  even  higher  during  exposure,  and  the 
postexposure  difference  between  the  RFR  and  sham  groups  was  due  to  the 
residual  thermal  response  to  the  RFR.  In  the  light  of  this  point,  not 
clear  was  the  influence  of  thermoregulation  on  the  results.  For  both 
drugs,  the  differences  in  mean  colonic  temperature  between  RFR  and  sham 
groups  during  the  post inj ect ion  intervals  were  smaller  than  the  changes 
per  se.  With  apomorphine,  for  example,  the  sum  of  the  mean  colonic  tem¬ 
perature  of  the  RFR  group  before  injection  and  its  maximum  change  (15 
min  after  injection)  was  37.35  deg  C,  and  the  corresponding  sum  for  the 
sham  group  was  37.57  deg  C,  a  difference  of  only  0.22  deg  C.  Was  this 
difference  statistically  significant?  Would  similar  results  be  obtained 
if  the  preinjection  colonic  temperatures  of  rats  were  raised  by  an  agent 
other  than  RFR? 

The  peak  power  density  of  the  RFR  pulses  was  at  least  1  W/sq  cm,  with¬ 
in  the  range  of  perception  of  the  pulses  as  sound.  Thus,  it  is  possible 
that  the  rats  perceived  the  pulses  and  were  influenced  thereby,  but  as 
discussed  above  relative  to  Thomas  et  al.  (1979),  whether  the  influence 
persisted  into  the  postexposure  period  is  unknown. 

The  results  on  the  effects  of  RFR  on  apomorphine- induced  stereotypic 
behavior  appear  to  be  somewhat  ambiguous  because  the  percentage  scores 
for  the  RFR  group  were  lower  than  for  the  sham  group  for  two  of  the 
responses  (1  and  3)  and  higher  for  two  of  the  other  responses  (4  and  5). 
Evidently  the  authors  gave  qualitatively  greater  weight  to  responses  4 
and  5  than  to  1  and  3,  a  reasonable  point. 

Regarding  the  stereotypic-behavioral  results  for  d-amphetamine  (in 
which  all  six  behavioral  responses  were  given  equal  weight),  even  though 
the  differences  between  the  RFR  and  sham  groups  were  nonsignificant,  it 


is  interesting  that  the  sham  group  (as  well  as  the  RFR  group)  exhibited 
a  high  score  for  "head  sway,"  one  of  the  "abnormal"  responses. 

Lacking  in  this  investigation  were  data  on  control  animals  adminis¬ 
tered  saline  instead  of  the  drugs.  Such  data  might  have  better  delin¬ 
eated  subtle  non-RFR  factors  that  may  have  influenced  the  results. 

In  a  similar  study,  Lai  et  al .  (1984a)  examined  the  effects  of  the 
same  RFR  on  the  actions  of  pentobarbital  in  the  rat.  In  the  first  of 
two  series,  13  unanesthetized,  unrestrained  rats  were  exposed  to  the 
RFR.  The  colonic  temperature  of  each  rat  was  taken  with  a  probe  right 
after  exposure,  the  probe  was  removed,  and  the  rat  was  injected  with 
sodium  pentobarbital  at  a  dose  sufficient  to  induce  surgical  anesthesia. 
After  loss  of  the  righting  reflex,  the  probe  was  reinserted,  the  temper¬ 
ature  was  recorded  at  15-rain  intervals  for  150  min,  and  the  time  inter¬ 
val  to  regain  the  righting  reflex  after  injection  was  noted.  Another 
group  of  13  rats  was  sham-exposed  and  similarly  treated. 

In  the  second  series,  baseline  colonic  temperatures  were  measured  and 
the  rats  were  injected  with  pentobarbital.  Fifteen  rain  later,  by  which 
time  all  the  rats  had  lost  their  righting  reflex,  12  rats  were  exposed 
anteriorly  (head  toward  source)  and  10  rats  posteriorly  (rear  toward 
source)  for  45  min  to  the  RFR  concurrently  with  10  rats  sham-exposed  in 
each  orientation.  Colonic  temperatures  were  recorded  for  90  min  after 
exposure  and  the  time  interval  to  regain  the  righting  reflex  after 
exposure  was  noted. 

Colonic-temperature-response  curves  were  compared  by  a  nonparametric 
statistical  method  (Krauth,  1980),  in  which  the  temperature-response 
curve  of  each  rat  was  approximated  by  orthogonal  polynomials  and  the 
zero-order  orthogonal  coefficients  from  the  different  treatment  groups 
were  compared  by  chi-square  analysis.  Student's  two-tailed  t-test  was 
used  to  compare  colonic  temperatures  at  corresponding  times  and  to 
compare  time  intervals  for  regaining  the  righting  reflex. 

In  the  first  series,  the  (conscious)  rats  did  not  exhibit  any  pre¬ 
ferred  orientation  during  RFR  exposure  and  there  was  no  significant 
difference  in  mean  colonic  temperature  between  the  RFR  and  sham  groups 
immediately  after  exposure  (37.8  deg  C  for  both).  Mean  colonic-temper¬ 
ature  changes  for  each  group  vs  time  after  pentobarbital  injection 
showed  that  both  groups  reached  maximal  hypothermia  (about  -3  deg  C)  at 
75  min.  The  mean  temperature  depressions  at  corresponding  times  were 
larger  for  the  sham  group  than  for  RFR  group  until  90  rain  after  injec¬ 
tion;  at  90  min,  the  two  plots  intersected,  but  none  of  the  differences 
between  the  groups  up  to  105  min  was  significant.  At  corresponding 
times  from  105  to  150  min,  the  mean  depressions  for  the  RFR  group  were 
significantly  larger  than  for  the  sham  group,  i.e.,  recovery  of  the  RFR 
group  from  the  hypothermia  was  slower.  Also,  the  mean  time  to  righting- 
reflex  recovery  for  the  RFR  group  was  significantly  longer  than  for  the 
sham  group  (100  vs  90  min). 

In  the  second  series,  baseline  mean  colonic  temperatures  of  the 


injected  rats  before  RFR-  or  sham-exposure  were  37.9  deg  C.  For  the 
groups  sham-exposed  in  the  two  orientations,  there  was  no  significant 
difference  in  mean  temperatures  immediately  after  sham-exposure  so  their 
results  were  pooled.  Immediately  after  exposure,  the  mean  colonic  tem¬ 
peratures  for  anterior-exposure  and  posterior-exposure  to  the  RFR  and 
for  the  combined  sham  group  were  34.6,  34.7,  and  34.1  deg  C,  respective¬ 
ly.  Those  for  the  two  RFR  groups  did  not  differ  from  one  another  sig¬ 
nificantly;  however,  the  values  for  both  were  significantly  higher  than 
for  the  sham  group. 

Plots  of  mean  change  in  colonic  temperature  (from  the  values  preceding 
injection)  vs  time  after  exposure  showed  that  all  three  groups  attained 
maximal  hypothermia  30  min  after  exposure  (45  min  after  injection).  The 
mean  changes  at  that  time  for  the  posterior-RFR,  anterior-RFR,  and  sham 
groups  were  respectively  about  -3.8,  -4.2,  and  -4.5  deg  C,  but  only  the 
difference  between  the  posterior-RFR  and  sham  groups  was  significant. 

From  30  to  90  min,  all  three  groups  exhibited  recovery  toward  baseline 
temperatures,  with  no  significant  differences  at  corresponding  times 
between  the  anterior-RFR  and  sham  groups.  However,  the  temperatures  of 
the  posterior-RFR  group  were  significantly  higher  than  those  of  the 
other  groups  at  corresponding  times  during  that  interval,  indicating 
that  the  posterior-RFR  group  recovered  from  the  hypothermia  earlier. 
Moreover,  the  rats  in  that  group  recovered  their  righting  reflex  more 
quickly  (26,  45,  and  50  min  respectively  for  posterior-RFR,  anterior- 
RFR,  id  sham  groups,  with  the  difference  between  the  latter  two  groups 
not  ^nif leant). 

Lai  et  al.  (1984a)  stated:  "In  our  [first]  study,  when  the  effect  of 
pentobarbital  was  studied  after  exposure,  we  found  that  microwaves  af¬ 
fected  the  recovery  rate  from  pentobarbital-induced  hypothermia  without 
affecting  the  initial  rate  and  the  maximal  fall  in  colonic  temperature. 
The  cause  of  this  effect  is  not  readily  known.  However,  the  fact  that 
there  is  no  effect  on  initial  rate  and  extent  of  fall  in  colonic  temper¬ 
ature  between  microwave-  and  sham-exposed  animals  indicates  that  micro- 
waves  do  not  affect  drug  absorption  and  distribution  at  least  to  the 
sites  of  action.  However,  effect  on  drug  metabolism  cannot  be  discoun¬ 
ted.  Even  though  no  significant  effect  on  colonic  temperature  was  de¬ 
tected  in  our  irradiated  animals,  focal  heating  of  areas  of  the  brain  or 
body  leading  to  altered  drug  metabolism  cannot  be  ruled  out." 

Regarding  their  second  series,  they  stated:  "...we  found  that  micro- 
wave  exposure  attenuated  the  fall  in  colonic  temperature  in  pentobar¬ 
bital-anesthetized  animals.  This  is  probably  due  to  absorption  of 
energy  from  the  radiation.  Both  anterior-  and  posterior-exposed  rats 
showed  the  same  degree  of  attenuation,  which  is  consistent  with  the 
dosimetry  finding  that  similar  amounts  of  radiation  energy  are  absorbed 
by  the  whole  body  in  both  orientations  of  exposure.  The  fact  that 
microwave  irradiation  affects  the  core  temperature  in  anesthetized  but 
not  in  conscious  rats,  suggests  that  in  the  conscious  rats  a  compensa¬ 
tory  thermoregulatory  mechanism  is  functioning  during  the  exposure  to 
maintain  a  constant  core  temperature ...  by  increasing  heat  loss  or  de- 


creasing  heat  production...  However,  during  pentobarbital  anesthesia 
the  rat  is  rendered  poikilothemic  and  the  thermal  effect  of  microwaves 
is  seen  as  an  attenuation  of  the  hypothermia. . .  A  similar  phenomenon 
has  also  been  reported  in  animals  after  treatments  with  other  drugs  that 
disturb  thermoregulation." 

The  authors  noted:  "...the  extents  of  pentobarbital-induced  hypo¬ 
thermia  in  the  sham-irradiated  rats  are  different  in  the  two  experi¬ 
ments.  In  experiment  1,  the  average  fall  in  colonic  temperature  for  the 
sham-irradiated  rats  at  90  min  after  pentobarbital  injection  was  -3.0 
+/-  0.2  deg  C  (n-13),  whereas  the  temperature  change  at  the  same  time 
after  injection  (ie,  30  min  after  exposure)  for  the  sham-irradiated 
animals  in  experiment  2  was  -4.2  +/-  0.2  deg  C  (n-20)  (significantly 
different  at  P<.001,  two-tailed  Student's  t-test).  This  difference  was 
probably  due  to  differences  in  experimental  procedures  between  the  two 
experiments.  In  experiment  1,  thermistor  probes  were  left  inserted  into 
the  rats  after  the  drug  treatment  and  during  the  course  of  the  study, 
whereas  in  experiment  2,  the  animals  were  left  undisturbed  during  the 
45-min  exposure  period  which  started  at  15  min  after  the  drug  treatment. 
Owing  to  this  difference,  caution  should  be  taken  in  comparing  the 
results  of  the  two  experiments." 

Another  finding  commented  on  by  the  authors  was  the  smaller  maximal 
colonic-temperature  depression  and  the  earlier  recovery  time  of  the 
righting  reflex  for  the  posterior-RFR  group  relative  to  the  values  for 
the  anterior-RFR  and  sham  groups.  They  surmised  that  these  orientation- 
dependent  findings  were  due  to  differences  in  local  energy  depositions 
for  the  two  orientations,  which  could  yield  differences  in  drug 
metabolism  or  kinetics. 

As  in  the  earlier  investigation,  the  peak  power  density  of  the  pulses 
was  at  least  1  W/sq  cm,  within  the  range  of  perception  of  the  pulses  as 
apparent  sound.  Thus,  it  is  possible  that  conscious  rats  in  experiment 
i  perceived  the  pulses.  However,  it  would  be  difficult  to  connect  such 
perception  with  the  RFR-related  differences  in  the  pentobarbital-induced 
hypothermia  and  analepsis  therefrom  reported. 

The  authors'  remark  above  about  the  difference  in  hypothermia  depth 
induced  in  the  sham-exposed  rats  in  the  two  experiments  appears  to  be  in 
error:  the  -3.0  deg  C  at  90  min  after  injection  for  experiment  1  is 
correct;  however,  the  corresponding  time  in  experiment  2  was  not  30  but 
75  min  after  exposure,  at  which  time  the  mean  temperature  depression  was 
also  about  3  deg  C.  Moreover,  in  neither  case  did  the  90-roin  point 
correspond  to  the  time  of  maximal  hypothermia,  which  occurred  at  75  min 
in  experiment  1  and  45  min  in  experiment  2  (both  reckoned  from  injection 
time).  The  temperature  depressions  for  the  sham  groups  at  these  times 
were  about  3.2  and  4.5  deg  C,  respectively.  Thus,  not  only  were  the 
maximal  depressions  significantly  different,  but  so  were  their  times  of 
occurrence.  The  reasons  for  these  differences  are  not  clear.  Lacking 
were  data  on  sham-exposed  animals  given  saline  instead  of  pentobarbital. 

In  another  similar  study,  Lai  et  al.  (1984b)  determined  the  effects  of 


the  same  RFR  on  ethanol-induced  hypothermia  and  on  ethanol  consumption. 
For  the  ethanol-hypothermia  experiment,  15  rats  were  RFR-exposed  and  14 
rats  were  concurrently  sham-exposed  for  45  min.  Each  rat  was  removed 
from  its  waveguide  immediately  after  exposure,  its  colonic  temperature 
was  measured,  and  it  was  injected  intraperitoneally  with  ethanol  (3  g/kg 
in  a  25%  v/v  water  solution).  The  rats  were  then  housed  6  to  a  cage  and 
their  colonic  temperatures  were  measured  with  a  thermistor  inserted  and 
removed  at  15-rain  intervals  for  120  min. 

In  the  ethanol-consumption  study,  48  rats  were  given  nine  daily  90-rain 
sessions  in  the  waveguides.  Drinking  water  was  removed  from  the  home 
cages  24  hr  prior  to  the  first  session.  On  session  days  1,  2,  and  3, 
the  rats  were  inserted  in  the  waveguides  for  45  min  with  the  RFR  source 
on  "standby."  At  this  time,  a  bottle  containing  a  10%  sucrose  solution 
(w/v)  was  inserted  in  each  waveguide  and  the  amount  consumed  during  the 
remaining  45  min  was  measured.  The  day-4  procedure  was  the  same  except 
that  half  the  rats  (24)  selected  randomly  (and  blindly)  were  exposed  to 
the  RFR  and  the  other  half  were  sham-exposed  for  the  full  90  rain.  The 
procedure  on  days  5-7  was  the  same  as  for  days  1-3  except  that  a  (w/v) 
solution  of  10%  sucrose  +  15%  ethanol  was  used  (the  latter  to  render  the 
ethanol  more  palatable). 

On  day  8,  half  the  rats  (group  I,  randomly  selected)  were  exposed  to 
RFR  and  the  remaining  rats  (group  II)  were  sham-exposed  for  the  90  min, 
and  the  amounts  of  sucrose-ethanol  solution  consumed  during  this  period 
were  determined.  On  day  9,  the  group  roles  were  reversed:  group  I  was 
sham-exposed,  group  II  was  RFR-exposed,  and  fluid  consumption  was  noted. 
The  colonic-temperature-response  curves  were  compared  by  the  nonparamet- 
ric  statistical  method  of  Krauth  (1980)  and  the  fluid-consumption  data 
for  the  various  sessions  were  compared  by  the  two-tailed,  paired  t-test. 

In  the  ethanol-hypothermia  experiment,  the  mean  colonic  temperatures 
of  the  RFR-  and  sham-exposed  rats  immediately  after  exposure  were  38.2 
and  38.3  deg  C,  respectively,  a  nonsignificant  difference.  Ataxia  de¬ 
veloped  within  5  rain  of  ethanol  injection,  but  righting  reflex  remained 
intact.  The  mean  colonic  temperature  changes  vs  time  after  ethanol  in¬ 
jection  for  the  two  groups  indicated  that  hypothermia  had  occurred  in 
the  RFR  group  at  a  slower  rate  than  in  the  sham  group.  For  example,  the 
temperature  depressions  at  15  rain  after  injection  were  about  0.4  and  0.9 
deg  C  for  the  RFR  and  sham  groups,  respectively,  a  significant  differ¬ 
ence;  the  corresponding  depressions  at  60  min  were  about  1.5  and  1.8  deg 
C,  also  a  significant  difference;  at  90  min,  the  depressions  were  about 
1.9  deg  C  for  both  groups  and  did  not  differ  significantly  from  one  an¬ 
other  at  subsequent  times. 

The  mean  sucrose  consumptions  for  days  1,  2,  and  3  (during  which  all 
48  rats  were  sham-exposed  and  offered  the  sucrose  solution)  respectively 
were  29.0,  46.5,  and  67.0  ml/kg,  significant  monotonic  increases.  On 
day  4  (when  half  were  exposed  to  RFR  and  the  remainder  were  sham-exposed 
for  90  min),  the  respective  consumptions  were  70.6  and  71.6  ml/kg,  which 
did  not  differ  significantly  from  each  other  or  from  the  day-3  value. 
Thus,  exposure  to  RFR  had  no  apparent  effect  on  sucrose  consumption. 


For  days  5,  6,  and  7  (during  which  all  48  rats  were  sham-exposed  and 
offered  the  sucrose-ethanol  solution),  the  mean  consumption  values  were 
26.2,  34.2,  and  30.0  ml/kg;  the  changes  were  clearly  nonmonotonic  with 
time.  For  day  8  (when  group  I  was  RFR-exposed  and  group  II  was  sham- 
exposed),  the  respective  values  were  37.6  and  30.5  ral/kg;  the  group-II 
value  did  not  differ  significantly  from  its  day-7  value,  but  the  group-I 
value  was  significantly  higher  (about  23X)  than  its  day-7  value.  For 
day  9  (when  group  II  was  RFR-exposed  and  group  I  was  sham-exposed),  the 
group-II  value  was  38.9  ml/kg  and  the  group-I  value  was  30.4  ml/kg;  so 
again,  consumption  increased  (about  28Z)  for  the  group  exposed  to  RFR  on 
that  day.  However,  consumption  by  group  I  under  sham-exposure  on  day  9 
returned  to  its  day-7  value,  so  the  increase  in  consumption  associated 
with  its  RFR-exposure  on  day  8  was  a  temporary  effect. 

Regarding  the  ethanol-hypothermia  experiment,  the  authors  noted:  "Our 
results  show  that  acute  microwave  irradiation  at  0.6  U/kg  delays  the 
effect  of  ethanol  on  body  temperature.  The  mechanism  of  the  effect  is 
not  known.  Ethanol  renders  an  animal  poikilothermic ,  thus  inducing 
hypothermia  when  the  ambient  temperature  is  lower  than  body  temperature 
[Myers,  1981].  It  is  unlikely  that  microwaves  retard  the  action  of 
ethanol  by  affecting  the  entry  of  ethanol  into  the  brain,  since  ethanol 
readily  permeates  the  blood-brain  barrier  and  is  rapidly  distributed  in 
brain  tissue.  A  possible  explanation  is  that  microwaves  affect  neural 
thermoregulatory  mechanism(s ) ,  which  in  turn  retards  the  heat-loss 
processes  triggered  by  ethanol." 

They  also  stated:  "The  results  from  the  second  experiment  show  that 
microwaves  enhance  consumption  of  a  sucrose  +  ethanol  solution  without 
affecting  consumption  of  a  sucrose  solution.  Because  sucrose  is  similar 
in  caloric  value  to  ethanol,  and  because  its  consumption  was  unaffected 
by  microwave  irradiation,  it  would  appear  that  the  microwave-induced 
increase  in  ethanol  consumption  was  not  due  to  a  shift  in  caloric 
requirement  of  the  rats."  They  offered  several  hypotheses  about  the 
apparent  RFR-induced  alterations  of  ethanol  action,  but  concluded  that 
further  research  would  be  necessary  to  elicit  specific  mechanisms. 

The  procedures  used  in  the  two  experiments,  the  statistical  treatment 
of  the  data,  and  the  experimental  findings  reported  appear  sound.  How¬ 
ever,  the  relevance  of  the  results  of  the  ethanol-hypothermia  experiment 
to  possible  hazards  to  humans  of  RFR-ethanol  interactions  may  be  ques¬ 
tioned  because  of  the  high  dose  of  ethanol  used.  On  the  basis  of  body 
weight,  injection  with  3  g/kg  of  ethanol  in  a  25X  v/v  water  solution 
would  be  about  equivalent  to  a  700-ral  dose  of  50-proof  liquor  for  a  70- 
kg  human,  a  clearly  substantial  "slug"  of  alcohol. 

In  the  second  experiment,  the  mean  consumption  of  sucrose  alone  on  day 
3  was  67.0  ral/kg,  whereas  the  day-3  consumption  of  sucrose-ethanol  was 
30.0  ral/kg,  indicating  that  even  when  water-deprived,  the  rats  still 
found  the  sucrose-ethanol  solution  sufficiently  distasteful  to  restrict 
its  consumption.  On  the  other  hand,  their  higher  consumption  of  the 
sucrose-ethanol  solution  under  RFR-  than  sham-exposure  may  indicate  that 
the  additional  heat  produced  by  the  RFR  induced  the  water-deprived  rats 


to  drink  more  despite  their  aversion  to  ethanol.  Support  for  this  point 
is  in  the  authors'  following  sentence:  "In  another  experiment,  we  found 
that  rats  absorbed  a  considerable  amount  of  microwave  energy  (about  0.16 
J/g)  when  irradiated  in  the  pulsed,  1-raW/sq-cra  field  for  45  min  [Lai  et 
al.,  1984(a)].  However,  the  animals  did  not  show  any  change  in  body 
temperature  immediately  after  exposure;  the  implication  is  that  they 
were  actively  dissipating  the  thermalized  microwave  energy."  It  should 
be  noted  that  by  calculation,  the  amount  of  energy  absorbed  in  45  min  at 
a  whole-body  SAR  of  0.6  W/kg  is  1.6,  not  0.16  J/g,  which  strengthens  the 
point  made.  It  is  also  interesting  that  0.6  W/kg  is  about  10Z  of  the 
basal  metabolic  rate  for  a  medium  rat  (Durney  et  al.,  1978,  p.  47). 

REFERENCES : 

Ashani,  Y. ,  F.H.  Henry,  and  G.N.  Catravas 

COMBINED  EFFECTS  OF  ANTICHOLINESTERASE  DRUGS  AND  LOW-LEVEL  MICROWAVE 
RADIATION 

Radiat.  Res.,  Vol  84,  pp.  496-503  (1980) 

Baranski,  S.  and  Z.  Edelwejn 

STUDIES  ON  THE  COMBINED  EFFECT  OF  MICROWAVES  AND  SOME  DRUGS  ON 
BIOELECTRIC  ACTIVITY  OF  THE  RABBIT  CENTRAL  NERVOUS  SYSTEM 
Acta  Physiologica  Polonica,  Vol.  19,  No.  1,  pp.  31-41  (1968) 

Chou,  C.-K.,  A.W.  Guy,  J.B.  McDougall,  and  L.-F.  Han 

EFFECTS  OF  CONTINUOUS  AND  PULSED  CHRONIC  MICROWAVE  EXPOSURE  ON  RABBITS 
Radio  Sci.,  Vol.  17,  No.  5S,  pp.  185-193  (1982) 

Guy,  A.W. ,  J.  Wallace,  and  J.A.  McDougall 

CIRCULARLY  POLARIZED  2450  MHZ  WAVEGUIDE  SYSTEM  FOR  CHRONIC  EXPOSURE  OF 
SMALL  ANIMALS  TO  MICROWAVES 

Radio  Sci.,  Vol.  14,  No.  6S,  pp.  63-74  (1979) 

Krauth,  J. 

NONPARAMETRIC  ANALYSIS  OF  RESPONSE  CURVE 
J.  Neurosci.  Meth. ,  Vol.  2,  pp.  239-252  (1980) 

Lai,  H. ,  A.  Horita,  C.-K.  Chou,  and  A.W.  Guy 

PSYCHOACTIVE-DRUG  RESPONSE  IS  AFFECTED  BY  ACUTE  LOW-LEVEL  MICROWAVE 
IRRADIATION 

Bioelectromagnetics,  Vol.  4,  No.  3,  pp.  205-214  (1983) 

Lai,  H. ,  A.  Horita,  C.-K.  Chou,  and  A.W.  Guy 
ERRATUM  to  Lai  et  al .  (1983) 

Bioelectromagnetics,  Vol.  6,  No.  2,  p.  207  (1985) 

Lai,  H. ,  A.  Horita,  C.-K.  Chou,  and  A.W.  Guy 

EFFECTS  OF  ACUTE  LOW-LEVEL  MICROWAVES  ON  PENTOBARBITAL- INDUCED 
HYPOTHERMIA  DEPEND  ON  EXPOSURE  ORIENTATION 
Bioelectromagnetics,  Vol.  5,  No.  2,  pp.  203-211  (1984a) 


554 


Lai,  H. ,  A.  Horita,  C.-K.  Chou,  and  A.W.  Guy 

ETHANOL- INDUCED  HYPOTHERMIA  AND  ETHANOL  CONSUMPTION  IN  THE  RAT  ARE 
AFFECTED  BY  LOW-LEVEL  MICROWAVE  IRRADIATION 
Bioelectromagnetics,  Vol.  5,  No.  2,  pp.  213-220  (1984b) 

Lords,  J.L.,  C.H.  Durney,  A.M.  Borg,  and  C.E.  Tinney 

RATE  EFFECTS  IN  ISOLATED  HEARTS  INDUCED  BY  MICROWAVE  IRRADIATION 

IEEE  Trans.  Microwave  Theory  Tech.,  Vol.  21,  No.  12,  pp.  834-836  (1973) 

Lotz,  W.G.  and  S.M.  Michaelson 

EFFECTS  OF  HYPOPHYSECTOMY  AND  DEXAMETHASONE  ON  RAT  ADRENAL  RESPONSE  TO 
MICROWAVES 

J.  Appl.  Physiol.:  Respiratory,  Environmental,  and  Exercise  Physiol., 
Vol.  47,  No.  6,  pp.  1284-1288  (1979) 

Monahan,  J.C.  and  W.W.  Henton 

FREE-OPERANT  AVOIDANCE  AND  ESCAPE  FROM  MICROWAVE  RADIATION 
In  D.G.  Hazzard  (ed.),  SYMPOSIUM  ON  BIOLOGICAL  EFFECTS  AND  MEASUREMENT 
OF  RADIO  FREQUENCY/MICROWAVES,  U.S.  Department  of  Health,  Education,  and 
Welfare,  HEW  Publication  (FDA)  77-8026,  pp.  23-33  (1977a) 

Monahan,  J.C.  and  W.W.  Henton 

THE  EFFECT  OF  PSYCHOACTIVE  DRUGS  ON  OPERANT  BEHAVIOR  INDUCED  BY 
MICROWAVE  RADIATION 

Radio  Sci.,  Vol.  14,  No.  6S,  pp.  233-238  (1979) 

Myers,  R.D. 

ALCOHOL'S  EFFECT  ON  BODY  TEMPERATURE:  HYPOTHERMIA,  HYPERTHERMIA,  OR 
POIKILOTHERMIA? 

Brain  Res.  Bull.,  Vol.  7,  pp.  209-220  (1981) 

Pappas,  B.A.,  H.  Anisman,  R.  Ings,  and  D.A.  Hill 

ACUTE  EXPOSURE  TO  PULSED  MICROWAVES  AFFECTS  NEITHER  PENTYLENETETRAZOL 
SEIZURES  IN  THE  RAT  NOR  CHLORDIAZEPOXIDE  PROTECTION  AGAINST  SUCH 
SEIZURES 

Radiat.  Res.,  Vol.  96,  No.  3,  pp.  486-496  (1983) 

Reed,  J.R.III,  J.L.  Lords,  and  C.H.  Durney 

MICROWAVE  IRRADIATION  OF  THE  ISOLATED  RAT  HEART  AFTER  TREATMENT  WITH  ANS 
BLOCKING  AGENTS 

Radio  Sci.,  Vol.  12,  No.  6S,  pp.  161-165  (1977) 

Thomas,  J.R.  and  G.  Maitland 

MICROWAVE  RADIATION  AND  DEXTROAMPHETAMINE:  EVIDENCE  OF  COMBINED  EFFECTS 
ON  BEHAVIOR  OF  RATS 

Radio  Sci.,  Vol.  14,  No.  6S,  pp.  253-258  (1979) 

Thomas,  J.R.,  L.S.  Burch,  and  S.S.  Yeandle 

MICROWAVE  RADIATION  AND  CHLORDIAZEPOXIDE:  SYNERGISTIC  EFFECTS  ON  FIXED- 
INTERVAL  BEHAVIOR 

Science,  Vol.  203,  pp.  1357-1358  (1979) 


555 


Thomas,  J.R.,  J.  Schrot,  and  R.A.  Banvard 

BEHAVIORAL  EFFECTS  OF  CHLORPROMAZINE  AND  DIAZEPAM  COMBINED  WITH  LOW- 
LEVEL  MICROWAVES 

Neurobehav.  Toxicol.,  Vol.  2,  pp.  131-135  (1980) 

Tinney,  C.E.,  J.L.  Lords,  and  C.H.  Durney 

RATE  EFFECTS  IN  ISOLATED  TURTLE  HEARTS  INDUCED  BY  MICROWAVE  IRRADIATION 
IEEE  Trans.  Microwave  Theory  Tech.,  Vol.  24,  No.  1,  pp.  18-24  (1976) 


556 


3.7.3  CONCLUSIONS 


Early  studies  in  the  U.S.A.  on  possible  effects  of  RFR  on  behavior 
were  engendered  by  the  hypothesis  held  in  the  USSR  that  RFR  can  have 
direct  effects  on  the  central  nervous  system  (CNS)  and  that  such  effects 
could  occur  at  "nonthermal"  levels  of  RFR  and  thereby  alter  behavior  in 
the  absence  of  measurable  RFR-induced  increases  in  body  temperature. 

RFR  pulses  of  appropriate  characteristics  that  do  not  cause  rises  in 
core  temperature  can  be  perceived  by  humans  and  animals  as  sound,  but  as 
discussed  in  Section  3. 1.4.2,  perception  is  attributed  to  induction  of 
thermoelastic  waves  in  the  head  rather  than  direct  CNS  stimulation. 

Many  of  the  studies  on  avoidance  behavior  by  animals  appear  to  indi¬ 
cate  that  RFR  is  a  noxious  or  unpleasant  stimulus.  There  is  much  evi¬ 
dence,  however,  that  the  observed  RFR-induced  changes  in  behavioral  pat¬ 
terns  are  responses  by  their  thermoregulatory  systems,  either  to  mini¬ 
mize  heat  absorption  in  normal  or  warm  ambient  environments  (including 
high  levels  of  humidity)  or  to  obtain  warmth  in  relatively  cold  environ¬ 
ments.  Thus,  other  than  auditory  perception  of  RFR  pulses,  animals  do 
not  appear  to  directly  sense  RFR.  Results  of  studies  on  RFR  disruption 
of  performance  or  learned  behavior  were  variable;  however,  most  of  the 
findings  showed  that  the  behavioral  changes  were  ascribable  to  the  addi¬ 
tional  thermal  burden  imposed  by  the  RFR,  and  specifically  were  signifi¬ 
cant  at  measured  or  estimated  whole-body  SARs  well  in  excess  of  1  W/kg. 

The  relatively  few  studies  of  possible  synergism  of  RFR  with  various 
psychoactive  drugs,  such  as  diazepam,  chlorpromazine ,  chlordiazepoxide , 
and  dextroamphetamine,  yielded  unclear  or  inconsistent  results.  In  some 
studies,  the  changes  in  drug  dose-response  relationship  were  subtle  and 
not  necessarily  induced  by  the  RFR.  In  most  of  the  studies  that  yielded 
RFR-induced  changes  in  drug  response,  average  power  densities  of  1  mW/sq 
cm  or  higher  coupled  with  relatively  high  drug  dosages  were  necessary. 
Negative  results  were  obtained  in  still  others.  Especially  noteworthy 
were  the  negative  findings  of  synergistic  effects  between  consumption  of 
alcohol  and  RFR  except  at  very  high  doses  of  the  former.  In  general,  it 
is  most  unlikely  tnat  the  effects  of  psychoactive  drugs  prescribed  by 
physicians  or  the  effects  of  recreat ional ly  taken  alcohol  would  be 
altered  by  exposure  to  RFR  at  environmental  levels. 
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3.8  CELLULAR  AND  SUBCELLULAR  EFFECTS 


Many  of  the  studies  on  cellular  and  subcellular  effects  of  RFR  were 
discussed  in  previous  sections  under  specific  topics  such  as  the  blood- 
brain  barrier,  immunology,  hematology,  and  calcium  efflux.  For  the 
present  section,  therefore,  studies  were  selected  that  describe  other 
effects  on  cells  and  their  constituents. 

3.8.1  STRUCTURES  AND  CONSTITUENTS  OF  MICROORGANISMS  AND  OTHER  SINGLE¬ 
CELL  SYSTEMS 

Takashima  (1966)  sought  possible  effects  of  in-vitro  exposure  to  RFR 
of  the  enzyme  alcohol  dehydrogenase  and  of  DNA.  Buffered  enzyme  in  10- 
ml  quantities  were  exposed  within  a  cell  to  pulsed  RFR  at  frequencies  in 
the  range  1-60  MHz  for  periods  of  0.5  to  2  hr.  Details  of  the  exposure 
cell  were  not  given,  except  that  it  was  cooled  by  circulation  of  water 
at  4-5  deg  C  during  exposure.  The  amplitude  was  200  V  peak-to-peak  and 
the  duty  cycle  was  0.01-0.4,  0.4  being  the  highest  value  that  did  not 
produce  significant  heating,  as  measured  with  a  thermocouple  during 
intermittent  removal  of  the  field.  With  a  solution  resistance  of  200 
ohms  and  a  pulse  duration  and  repetition  frequency  of  1  millisecond  and 
330  pps,  the  power  applied  to  the  solution  was  calculated  to  be  33.0  W. 
Control  solutions  were  placed  in  the  cell  for  the  same  durations  without 
applying  the  RFR. 

Right  after  exposure,  enzyme  activity  was  spectrophotometrically  as¬ 
sayed  at  340  nm  by  the  increase  in  optical  density  vs  time.  Represen¬ 
tative  results  were  displayed  as  semilog  plots  of  activity  vs  time  for  a 
sample  exposed  for  1  hr  to  1  MHz  (as  stated  in  the  text)  or  10  MHz  (as 
stated  in  the  figure)  and  for  a  control  sample.  Both  plots  were  linear, 
an  indication  that  oxidation  of  alcohol  by  this  enzyme  follows  first- 
order  reaction  kinetics,  but  there  was  no  significant  difference  in 
their  slopes.  A  plot  of  the  ratio  of  the  slope  for  samples  exposed  at 
each  frequency  to  the  slope  for  the  corresponding  control  samples  vs  RFR 
frequency  (1-60  MHz)  showed  values  in  the  range  1  +/-  0.1. 

Similar  experiments  were  done  with  samples  of  calf-thymus  DNA.  Neu¬ 
tral  solutions  (15  mg/ml)  of  DNA  were  exposed  to  pulsed  RFR  at  frequen¬ 
cies  within  two  ranges:  10  Hz  to  10  kHz  and  100  kHz  to  10  MHz.  The  am¬ 
plitude  was  300  V  peak-to-peak  and  the  pulse  durations  ranged  from  0.5 

to  5  ms  at  duty  cycles  up  to  0.5.  Following  exposure,  optical  density 

at  260  nm  and  viscosity  were  measured.  The  optical  density  measurements 
showed  no  significant  differences  between  exposed  and  control  samples 
(data  not  presented);  the  author  noted  that  this  result  excluded  the 
possibility  that  the  RFR  exposure  caused  strand  separation.  Displayed 
was  a  plot  of  viscosity  ratio  of  exposed  samples  to  corresponding  con¬ 
trol  samples  vs  frequency  for  the  range  1-10  MHz.  The  ratios  were  also 

1  +/-  0.1.  The  author  stated  that  no  change  in  optical  density  or  vis¬ 

cosity  could  be  detected  after  exposure  to  frequencies  in  the  range  10 
Hz  to  100  kHz,  but  presented  no  data. 

Various  studies  were  devoted  to  possible  effects  on  microorganisms  of 


559 


RFR  in  the  submillimeter-wave  region.  In  a  preliminary  investigation, 
Webb  and  Dodds  (1968)  reported  that  growth  of  E.  coli  B  bacteria  was 
inhibited  by  exposure  to  136-GHz  RFR.  Bacteria  were  grown  in  nutrient 
broth,  collected  by  centrifugation,  washed  twice  in  0.85Z  NaCI,  and  re¬ 
suspended  in  fresh  nutrient  broth  to  10,000  cells  per  ml;  0.2-ml  ali¬ 
quots  were  inserted  in  1-cm-diameter  flat-bottom  vials  and  the  vials 
were  placed  immediately  (in  lag  growth  phase)  or  after  90  min  of  incuba¬ 
tion  at  37  deg  C  (log  phase)  on  the  top  of  a  microwave  horn  and  exposed 
to  the  RFR  for  up  to  4  hr.  The  forward  power  was  stated  to  be  about  7 
microwatts.  The  vials  were  periodically  shaken  by  hand  and  their  tem¬ 
perature  kept  at  ambient  (about  25  deg  C)  with  a  cooling  fan.  Temper¬ 
atures  after  specific  exposure  durations  were  determined  with  a  small 
thermocouple  inserted  in  a  vial  containing  nutrient  broth  only. 

On  completion  of  each  exposure,  0.8  ml  of  nutrient  broth  was  added  to 
each  vial,  serial  tenfold  dilutions  were  made,  0.2  ml  of  each  dilution 
was  plated  on  nutrient  agar,  and  colony  counts  were  made  after  24  hr  of 
incubation  at  37  deg  C.  The  results  were  tabulated  as  counts  of  viable 
cells  from  the  bacteria  exposed  in  lag  phase  (immediately)  for  0  to  240 
min  (steps  of  30  rain)  and  counts  from  lag-phase  control  bacteria  for  the 
same  durations,  each  averaged  over  three  independent  experiments.  The 
results  for  log-phase  bacteria  (exposed  after  90  min  of  incubation)  and 
corresponding  controls  were  similarly  presented.  Also  shown  were  the 
respective  temperatures  after  each  exposure  duration. 

For  the  lag-phase  control  bacteria,  the  mean  count  (in  units  of  1000 
cells  per  ml)  rose  nonraonotonically  with  duration  from  125  at  0  min  to 
810  at  240  min;  the  mean  count  for  the  lag-phase  RFR-exposed  bacteria, 
however,  fluctuated  from  125  at  0  rain  to  129  at  240  rain,  with  a  maximum 
of  142  at  60  min  and  a  minimum  of  121  at  30  min.  The  mean  count  for  the 
log-phase  control  bacteria  increased  monotonical ly  from  126  at  0  min  to 
1960  at  240  rain;  for  the  log-phase  RFR-exposed  bacteria,  the  mean  count 
rose  more  slowly  from  a  minimum  of  142  at  0  min  to  a  maximum  of  288  at 
240  min. 

The  authors  concluded  that  immediate  exposure  to  the  RFR  inhibited 
cell  division,  but  that  the  RFR  was  not  lethal  because  the  cell  count 
did  not  decrease  after  4  hr  of  exposure;  that  exposure  to  the  RFR  after 
90  min  of  incubation  did  not  inhibit  cell  division  immediately,  since 
the  count  after  4  hr  of  exposure  was  about  double  the  initial  value. 

They  also  noted  that  comparison  of  the  lag-phase  and  log-phase  results 
suggests  that  the  RFR  can  slow  down  cell  division  and  can  inhibit  some 
specific  metabolic  process  occurring  in  the  early  part  of  the  cell's 
life  span. 

No  statistical  treatment  of  the  data  was  given.  Noteworthy,  however, 
is  that  the  mean  counts  for  the  RFR-exposed  and  control  log-phase  bac¬ 
teria  at  0  min  and  for  the  control  lag-phase  bacteria  at  90  min,  which 
should  have  been  about  the  same,  were  respectively  142,  126,  and  138, 
probably  indicating  that  uncontrolled  non-RFR  factors  were  present. 


Mean  vial  temperature  varied  nonraonotonically  from  a  minimum  of  25.2 


deg  C  for  durations  of  0  and  30  rain  to  a  maximum  of  25.9  deg  C  for  210 
min,  an  apparent  trend  toward  temperature  rise  with  exposure  duration, 
even  though  a  cooling  fan  was  used.  If  this  trend  were  actual,  it  could 
be  interpreted  as  indicating  that  the  forward  power  was  much  higher  than 
7  microwatts  and  that  the  fan  was  not  very  effective;  on  the  other  hand, 
it  is  unlikely  that  much  heat  was  produced  in  the  samples  at  the  stated 
level.  In  any  case,  sample-temperature  variability  may  have  been  one  of 
the  uncontrolled  factors. 

Webb  and  Booth  (1969)  reported  that  preparations  of  E.  coli  Br  cells 
and  protein,  RNA,  and  DNA  in  such  cells  absorb  RFR  at  specific  frequen¬ 
cies  within  the  range  65-75  GHz  and  they  discussed  effects  of  such  ab¬ 
sorption  on  cell  metabolic  processes.  Cells  were  grown  for  24  hr  at  37 
deg  C  in  nutrient  broth  and  either  washed  twice  in  0.85Z  NaCl  and  de¬ 
posited  as  a  pellet  by  centrifugation  or  resuspended  after  washing  to  a 
concentration  of  1  million  cells  per  ml  in  a  medium  (GCT)  consisting  of 
0.5X  glucose,  0.5X  casamino  acids,  and  0.05  mg/ml  thymine  in  0.1-M 
phosphate  buffer  at  a  pH  of  6.9. 

To  determine  the  effects  of  RFR  on  cell  growth,  0.5-ml  aliquots  of 
cells  suspended  in  GCT  were  placed  in  flat-bottom  1 . 5-cm-diameter  vials, 
and  some  vials  were  incubated  at  25  deg  C  while  being  exposed  to  RFR  at 
each  frequency  for  unspecified  power  level  or  durations,  and  other  vials 
were  similarly  incubated  at  25  deg  C  without  RFR.  Following  such  treat¬ 
ment,  vials  were  removed  and  cell  counts  were  made  by  dilution  and 
plating  on  nutrient  agar. 

To  ascertain  effects  of  RFR  on  metabolic  processes,  washed  cells  were 
resuspended  to  a  concentration  of  100  million  cells  per  ml  in  a  medium 
consisting  of  IX  glucose  in  0.1-M  phosphate  buffer  (pH  6.9),  and  0.2-ml 
aliquots  of  the  suspension  were  placed  within  vials.  Added  to  each  vial 
was  0.3  ml  of  a  solution  that  contained  thymine  (a  constituent  of  DNA), 
uracil-2  (a  component  of  RNA),  or  algal  protein  hydrolysate,  all  labeled 
with  C-14  (0.8  microcurie  per  ml),  and  two  of  these  three  substances  not 
labeled  with  C-14.  After  incubation  with  or  without  RFR,  the  cells  from 
each  vial  were  deposited  onto  a  Millipore  filter  and  washed  with  100  ml 
of  1-N  HC1 .  The  filter  was  then  dried  and  radioactivity  was  determined 
by  counting. 

To  determine  the  RFR-absorpt ion  spectra  of  cells,  water,  protein,  RNA, 
and  DNA,  films  of  each  material  were  made  on  a  thin  mica  window  and  the 
films  were  dried  at  80X  relative  humidity  and  covered  with  a  second  mica 
window.  The  absorption  of  each  material  at  each  RFR  frequency  was  the 
difference  between  (ratio  of?)  the  absorption  by  the  window  preparation 
and  that  of  a  blank  sandwich.  The  apparatus  used  to  measure  absorption 
was  not  described.  The  absorption  spectra  were  presented  in  Fig.  1  of 
the  paper  as  graphs  of  attenuation  (dB)  vs  frequency,  with  experimental 
points  in  the  range  65-75  GHz  at  1-GHz  intervals  and  additional  points 
at  71.5  and  73.7  GHz. 

The  water-film  graph  had  relative  absorption  maxima  at  69  GHz  (5  dB), 
71.5  GHz  (4  dB),  and  73.7  GHz  (3  dB),  but  also  higher  absorption  at  65 
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GHz  (7  dB)  than  these  maxima,  a  result  not  discussed.  The  spectrum  for 
E.  coli  cells  had  relative  maxima  at  66  GHz  (7  dB),  68  GHz  (9  dB),  71 
GHz  (5  dB),  and  73  GHz  (14  dB).  For  protein,  maxima  were  obtained  at  67 
and  73  GHz  (13  dB)  and  smaller  ones  at  70  and  71.5  GHz  (8  dB).  At  68 
GHz,  however,  the  protein  graph  dipped  below  0  dB  to  about  -3  dB.  The 
authors  did  not  discuss  this  observation,  a  seeming  2:1  amplification, 
or  its  physical  significance,  if  any.  The  DNA  spectrum  showed  equal 
maxima  (12  dB)  at  66  and  69  GHz  and  a  smaller  one  (7  dB)  at  about  72 
GHz.  RNA  had  maxima  at  68  GHz  (12  dB)  and  71  GHz  (10  dB).  The  authors 
endeavored  to  interpret  the  similarities  and  differences  among  the  five 
RFR-absorpt ion  spectra,  but  their  discussion  was  speculative  at  best. 

Growth  rate  for  E.  coli,  expressed  as  the  ratio  of  the  "mean  genera¬ 
tion  time"  for  RFR-exposed  preparations  to  the  same  parameter  for  unex¬ 
posed  preparations,  was  presented  vs  frequency  in  Fig.  2a  of  the  paper, 
but  that  parameter  was  not  defined.  The  graph  showed  that  at  65  and  68 
GHz,  the  growth  rate  thus  define'.'  was  enhanced  (respective  ratios  of  1.2 
and  1.4),  but  was  inhibited  at  all  other  frequencies,  with  relative 
minimum  ratios  at  66  GHz  (0.4),  71  GHz  (0.6),  and  73  GHz  (0.3). 

Uptake  vs  frequency  of  the  C-14-labeled  metabolites  thymine,  uracil-2, 
and  protein  hydrolysate,  each  expressed  as  the  ratio  of  counts  for  RFR- 
exposed  preparations  to  counts  for  unexposed  preparations,  were  shown  in 
Fig.  2b.  For  thymine  (DNA),  deep  minimum  ratios  were  obtained  at  66  GHz 
(0.48)  and  73  GHz  (0.45)  and  a  lesser  dip  at  71.3  GHz  (0.75).  The  graph 
for  protein  hydrolyslate  was  roughly  similar  to  that  for  thymine,  but 
its  dips  at  66,  73,  and  71.3  GHz  were  smaller  (respectively  0.75,  0.60, 
and  0.85).  Uracil-2  (RNA)  showed  only  one  minimum,  a  relatively  shallow 
one  at  73  GHz  (0.85),  but  enhanced  uptake  in  the  approximate  frequency 
range  from  65  to  69  GHz,  with  a  maximum  at  68  GHz  (1.25). 

Regarding  the  results  above,  the  authors  stated:  "Three  frequencies, 
66,  71  and  73  GHz,  were  found  to  slow  the  growth  of  cells  whereas  68  GHz 
microwaves  stimulated  it.  Two  of  the  frequencies  able  to  slow  cell 
growth  matched  the  absorption  maxima  of  DNA  at  66  GHz  and  of  protein  at 
73  GHz,  while  the  third,  71  GHz,  corresponded  to  one  of  the  peaks  in  the 
absorption  spectrum  of  RNA  and  a  shoulder  in  that  of  DNA.  The  frequency 
which  seemed  to  stimulate  growth  matched  one  of  the  absorption  maxima  at 
68  GHz.  All  of  the  frequencies  which  had  maximal  effect  on  growth  rate 
corresponded  with  absorption  peaks  in  the  spectrum  of  the  cells." 

They  concluded  that:  "Bacterial  cells  clearly  absorb  microwaves  of 
definite  frequencies  and  the  absorbed  energy  alters  metabolic  processes 
and  cell  growth.  Temperature  changes  do  not  seem  to  play  a  part  in 
these  phenomena  because,  first,  only  a  fraction  of  a  degree  rise  was 
recorded  during  the  experimental  period,  and  second,  the  optimum  growth 
temperature  of  E.  coli  is  at  37  deg  C;  therefore,  any  increase  above  25 
deg  C  should  have  resulted  in  increased  cell  growth  or  metabolism,  not 
decreases  as  we  observed.  Moreover,  the  cell  counts  showed  that  none  of 
the  frequencies  killed  the  cells." 

Evaluation  of  the  findings  of  this  study  is  problemat ical  because  of 
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the  absence  of  adequate  information  on  the  methodology,  instrumentation, 
and  statistical  treatment  of  the  data. 

Grundler  et  al.  (1977),  noting  the  study  by  Webb  and  Booth  (1969)  in 
which  the  growth  of  E.  coli  was  reported  to  be  depressed  by  exposure  to 
RFR  at  71  and  73  GHz,  investigated  the  effects  of  RFR  in  the  range  40-60 
GHz  on  the  growth  of  a  diploid  wild  strain  of  Saccharomyces  cerevisiae 
cells.  After  appropriate  preparation,  2.5  ml  of  a  suspension  of  the 
yeast  in  aqueous  medium  was  placed  and  stirred  in  a  standard  rectangular 
glass  receptacle.  Cell  growth  in  the  suspension  was  monitored  optically 
by  transmission  photometry.  Extinction  (decrease  of  light  transmission 
through  the  suspension)  was  recorded  vs  time  and  was  found  to  increase 
exponentially  over  about  three  generations  (about  four  hours).  The  data 
were  replotted  semilogarithmically  to  obtain  the  growth  rate  (the  slope 
of  the  new  plot ) . 

Growth  curves  were  obtained  with  no  RFR  at  suspension  temperatures  in 
the  range  30.5-34  deg  C.  (The  authors  noted  that  during  any  experiment, 
suspension  temperature  never  varied  by  more  than  +/-  0.5  deg  C.)  The 
resulting  growth  rates  were  plotted  vs  suspension  temperature,  which 
showed  that  without  RFR,  the  growth  rate  decreased  from  4. OX  per  deg  C 
at  31  deg  C  to  1 . 3X  at  33  deg  C  and  also  indicated  that  the  results  were 
reproducible  to  within  +/-  3X. 

A  Siemens  BWO-60  backward-wave  oscillator  operating  in  the  range  40-60 
GHz  was  the  RFR  source.  The  oscillator  was  controlled  by  a  Micro-How 
702/703C  power  supply  connected  to  an  Alfred  650  sweep  unit.  Frequency 
stability  and  resettabil ity  respectively  were  +/-  1  MHz  and  3  MHz  (+/- 
25  and  75  parts  per  million  at  40  GHz).  The  oscillator  output  was  fed 
through  a  metallic  waveguide  to  a  vertical  horn  terminated  by  a  Teflon 
structure  that  was  immersed  in  the  aqueous  suspension.  For  penetration 
depth  into  water  of  about  0.2  mm  at  42  GHz,  the  RFR  power  emitted  into 
the  suspension  ranged  between  11  and  27  mW.  The  total  emission  area  was 
stated  to  be  10  sq  cm,  so  the  power  densities  ranged  between  1.1  and  2.7 
raW/sq  cm,  which  increased  suspension  temperature  by  roughly  0.4  deg  C. 
The  relative  or  normalized  growth  rate  was  then  defined  as  the  ratio  of 
the  growth  rate  in  the  presence  of  RFR  to  the  rate  in  its  absence  at  the 
corresponding  suspension  temperature. 

Sixty-seven  experiments  were  performed.  The  results  of  five  experi¬ 
ments  were  discarded  because  the  growth  rates  were  very  small  in  the 
sample  studied  and  in  a  monitor  beaker,  probably  due  to  bacterial  infec¬ 
tion  or  chemical  poisoning.  The  results  of  the  remaining  62  experiments 
were  tabulated  as  normalized  growth  rate  at  specific  frequencies,  sus¬ 
pension  temperatures,  and  absorbed  RFR  powers  (which  varied  from  11  to 
27  mW).  Also,  the  normalized  growth  rate  was  plotted  vs  frequency. 

This  figure  exhibited  several  sharp  maxima  and  minima  that  spanned  unity 
growth  rate  ("a  raultiplet  of  biological  resonances")  in  the  frequency 
region  between  41.83  and  41.96  GHz,  with  apparently  little  effect  below 
or  above  this  region.  The  largest  increase  in  growth  rate  was  15X  at 
41682  +  /-  3  MHz,  17  mW  of  power  absorbed,  and  suspension  temperature  of 
32.4  deg  C.  The  largest  decrease  in  growth  rate  was  29X  at  41712  ♦  /-  3 


MHz,  23  mW  of  power  absorbed,  and  suspension  temperature  of  31.7  deg  C. 
(The  figure  showed  one  smaller  minimum  and  maximum  at  intermediate 
frequencies . ) 

The  authors  noted  that  on  an  absolute  frequency  scale,  a  systematic 
offset  of  up  to  +  /-  20  MHz  was  possible.  They  also  stated:  "The  strong 
absorption  of  the  radiation  in  water  means  that  in  our  geometry  only  a 
small  part  of  the  total  volume  is  subjected  to  the  full  intensity.  We 
have  not  yet  measured  the  dependence  on  intensity  and  thus  would  not 
know  how  to  correct  the  results  for  the  varying  power.  Inspection  of 
the  figure  shows,  however,  that  this  can  cause  only  minor  alterations 
even  if  linear  dependence  on  power  is  assumed." 

The  results  of  this  study  appear  to  indicate  (implied  in  the  abstract 
of  the  paper)  that  RFR  in  the  resonant  range  either  enhances  or  inhibits 
cell  growth,  depending  on  the  specific  frequency.  However,  the  authors 
did  not  speculate  on  possible  mechanisms  for  such  effect  reversals. 

Some  millimeter-wave  studies  were  directed  toward  confirmation  of  the 
existence  of  resonances  on  theoretical  grounds,  predicted  for  example  by 
Froehlich  (1975),  and  therefore  that  nonthermal  effects  can  occur.  Webb 
and  Stonehara  (1977)  reported  that  by  laser-Raman  spectroscopy,  they  had 
detected  resonant  frequencies  in  the  range  70-5000  GHz  in  active  cells 
of  B.  raegatorium  and  E.  coli.  The  cells  of  each  species  were  grown  for 
6  hr  at  30  deg  C  in  nutrient  broth,  washed  and  resuspended  in  saline, 
held  in  an  ice  bath  for  15  min  to  produce  synchrony,  and  resuspended  to 
50  million  cells/ral  in  growth  medium  or  saline.  After  obtaining  the 
same  cell  concentration  in  each  suspension,  determined  by  the  intensity 
of  the  Rayleigh  line  in  a  laser-Raman  spectrometer,  the  cells  were 
incubated  at  30  deg  C  for  15  min  and  Cary  Raman  cuvettes  were  filled 
with  aliquots  of  the  suspensions.  Each  consecutive  scan  of  the  Raman 
spectrum  was  done  with  fresh  cells  from  the  master  culture. 

A  typical  spectrum  from  active  B.  raegatorium  30  min  after  resuspension 
in  a  Davis  minimal  medium  showed  three  shift  lines  corresponding  to 
resonance  frequencies  of  570,  3750,  and  4300  GHz,  and  an  apparent  fourth 
one  at  120  GHz.  The  spectra  from  E.  coli  showed  five  lines  between  600 
and  6600  GHz.  The  authors  stated  that  these  resonances  were  not  present 
in  resting  cells,  cell  homogenates,  or  nutrient  solutions,  and  were 
therefore  associated  with  active  metabolic  processes. 

Webb  et  al .  (1977)  also  noted  that  the  ratio  R  of  the  intensities  of 
the  Raman  antiStokes-to-Stokes  lines  must  be  close  to  unity  for  coherent 
nonequilibrium  excitations,  as  compared  with  0.55  for  an  oscillating 
system  in  thermal  equilibrium.  They  reported  obtaining  values  of  R  very 
nearly  one  for  active  E.  coli  B  treated  as  in  Webb  and  Stonehara  (1977). 

Cooper  and  Amer  (1983)  disputed  the  findings  of  Webb  and  Stonehara 
(1977)  and  Webb  et  al .  (1977),  indicating  that  cell  suspensions  yield 
spurious  Raman  lines  in  the  frequency  range  of  interest  under  certain 
conditions,  particularly  by  Mie  scattering  from  settled  cell  clumps,  and 
that  they  were  able  thereby  to  reproduce  many  of  the  spectra  reported  by 


Webb  and  coworkers.  They  noted  that  Webb  and  coworkers  had  used  an  ex¬ 
perimental  procedure  that  greatly  enhances  the  probability  of  artifacts 
due  to  Mie  scattering.  Specifically,  Cooper  and  Araer  (1983)  stated, 
citing  Webb  and  Stoneham  (1977):  "Having  determined  that  spectra  could 
only  be  produced  for  about  6  rain  when  a  cell  suspension  was  placed  in  a 
laser  beam,  they  adopted  a  technique  by  which  they  scanned  a  given  sam¬ 
ple  for  only  3  min,  and  then  changed  to  a  fresh  sample  of  cells  from  a 
master  culture.  This  procedure  would  systematically  introduce  settling 
and  mixing  artifacts  for  each  scan." 

Cooper  and  Araer  (1983)  presented  an  example  of  Mie  scattering  from  a 
settling  suspension  of  commercial  yeast  cells  in  deionized  water,  which 
displayed  numerous  intense  lines  as  cell-density  fluctuations  occurred 
and  for  which  the  intensity  declined  with  time  as  settling  and  mixing  of 
the  suspension  proceeded.  They  noted  that  this  pattern  matches  the 
temporal  activity  recorded  from  resuspended  E.  coli  cells  under  similar 
optical  conditions.  They  also  took  issue  with  the  theoretical  basis  for 
predicting  a  higher  cross  section  for  Raman  scattering  by  intracellular 
molecules  in  that  frequency  range,  because  the  energies  required  could 
be  sufficient  to  rupture  molecular  covalent  bonds. 


Gandhi  et  al.  (1980)  used  a  solid-state  computer-controlled  system  to 
perform  swept-f requency  measurements  of  RFR  absorption  by  a  variety  of 
biological  specimens  in  the  range  26.5-90.0  GHz.  The  subranges  26.5- 
40.0  GHz,  40.0-60.0  GHz,  and  60.0-90.0  GHz  were  covered  by  three  similar 
circuits,  and  the  circuit  for  each  subrange  had  three  IMPATT  oscillator 
diodes  (nine  total),  covering  the  following  further  subdivided  ranges: 
26.5-30.0,  30.0-35.0,  35.0-40.0,  40.0-46.0,  45.0-51.0,  50.0-60.0,  60.0- 
70.0,  70.0-80.0,  and  80.0-90.0  GHz.  Oscillator  output  was  controlled  by 
a  ferrite  modulator  and  was  fed  by  waveguide  to  a  sample  holder  through 
appropriate  instrumentation.  As  output  frequency  was  stepped  during 
each  sweep,  the  incident,  reflected,  and  absorbed  powers  were  measured 
and  stored  on  magnetic  tape.  The  stability  of  the  system  in  amplitude 
and  frequency  was  measured  several  times.  Extreme  amplitude  variations 
were  +/-  0.06  dB  (+/-  1.4%)  in  1-hr  tests  and  +/-  0.16  dB  (+/-  3.8%)  in 
15-hr  tests.  Typical  frequency  shifts  were  1-6  ppm/min. 


The  sample  holders  were  custom-fabricated  thin-wall  rectangular  glass 
tubes  20  mm  long  and  of  precisely  specified  wall  thickness,  inside 
width,  and  outside  height  for  each  frequency  subrange.  Each  holder  was 
permanently  inserted  transversely  through  nonradiating  slots  in  the  nar¬ 
row  walls  of  the  respective  waveguide,  occupying  the  entire  cross  sec¬ 
tion  of  the  waveguide.  In  each  case,  the  wall  thickness  was  less  than 
2%  of  the  free-space  guide  wavelength  at  the  center  frequency  of  the 
subrange.  The  samples  had  total  thicknesses  of  the  order  of  a  tenth  of 
the  guide  wavelength. 

In  recognition  that  biological  material  of  high  permittivity  within 
the  holder  could  increase  the  effective  electrical  width  of  the  slots 
and  thereby  cause  significant  RFR  leakage,  reflected  and  transmitted 
powers  were  measured  both  with  material  extending  1  cm  or  more  beyond 
either  side  of  the  waveguide  and  with  material  extending  only  to  the 
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waveguide  boundaries.  This  filling  difference  caused  variations  in 
reflectance  and  transmittance  of  no  more  than  +  /-  0.3  dB,  so  the  ex¬ 
tended  fill  was  used  subsequently. 

Some  measurements  were  also  made  with  frozen  samples.  For  this 
purpose,  the  sample  holder  consisted  of  a  U-shaped  section  of  waveguide 
filled  with  biological  material  for  a  total  path  length  of  24  cm.  The 
U-shaped  section  was  immersed  in  a  thermos  of  either  liquid  nitrogen  or 
a  mixture  of  dry  ice  and  acetone.  Short  sections  of  thin-wall  waveguide 
and  heat  sinks  provided  thermal  isolation  of  the  holder  from  the 
remainder  of  the  measurement  system. 

Observation  that  absolute  measurements  of  insertion  loss  and  reflec¬ 
tance  of  biological  specimens  were  largely  dominated  by  the  strong  ab¬ 
sorbance  of  the  water  in  all  samples  (10-30  dB)  led  to  measurements  of 
relative  insertion  loss  and  reflectance,  made  by  direct  comparison  with 
those  of  the  solutions  in  which  the  specimens  were  either  dissolved  or 
suspended.  A  substitution  method  was  used  that  allowed  determining 
differences  in  relative  insertion  loss  and  reflectance  of  much  less  than 
1  dB.  This  method  involved  the  following  steps.  First,  the  digitized 
outputs  of  the  diodes  used  to  measure  reflected  and  transmitted  power 
were  recorded  during  a  frequency  sweep  with  the  sample  in  place.  Then 
the  comparison  medium  was  substituted  in  the  tube  and  the  outputs  were 
recorded  during  frequency  sweeps  for  several  settings  of  a  variable 
attenuator  in  the  circuit.  Interpolation  was  then  used  to  determine  the 
difference  in  attenuation  necessary  to  obtain  the  same  diode  outputs  of 
transmitted  and  reflected  power  as  with  the  sample  in  place,  thus 
yielding  relative  insertion  loss  and  relative  reflectance.  The  authors 
indicated  that  the  accuracy  of  the  substitution  procedure  depended  on 
the  accuracy  of  the  variable  attenuator  and  width  of  the  interpolation 
intervals,  amplitude  and  frequency  stability  of  the  measurement  system, 
and  flatness  of  the  oscillator  power  with  frequency. 

A  solution  of  DNA  from  salmon  sperm  was  prepared  at  20  mg/ml  in  0.1-M 
phosphate  buffer.  Solutions  of  RNA  from  whole  yeast  were  prepared  at 
120,  36,  and  12  mg/ml  in  0.1-M  NH40H.  The  yeast-like  organisms  Candida 
albicans  and  C.  krusei  were  grown  overnight  at  room  temperature;  cells 
were  washed  from  agar  slants  and  suspended  in  dextrose  broth;  viability 
of  some  suspensions  was  assayed  by  standard  plate-counting  techniques. 
Suspensions  of  E.  coli  B  were  prepared  from  aerated  broth  cultures  grown 
overnight;  cells  concentrated  from  nutrient  broth  by  centrifugation  were 
resuspended  in  the  same  medium  and  enumerated  by  standard  plate-counting 
methods.  Low-passage-level  baby-hamster-kidney  cells  transformed  with 
mouse  sarcoma  virus  (BHK-21/C13)  were  grown  in  minimal  essential  medium 
(MEM)  that  contained  0.1X  tryptose  and  10X  sterile  calf  serum;  for  the 
majority  of  studies,  the  cells  were  grown  in  plastic  tissue  culture 
flasks  under  a  5X-C02  and  95X-air  atmosphere;  by  standard  cell-culture 
techniques,  confluent  cell  populations  were  passaged  or  prepared  for 
experiments  by  use  of  a  0.25X  trypsin  solution;  whole-cell  counts  were 
made  by  heraocytoraeter . 

The  measurements  of  relative  insertion  loss  and  relative  reflectance 


were  summarized  in  Table  47  (adapted  from  Table  2  of  the  paper).  The 
comparison  medium  in  each  test  was  the  solvent  or  suspending  medium  re¬ 
quired  for  that  sample.  Five  frequency  sweeps  were  made  over  the  speci¬ 
fied  frequency  range  for  each  sample,  with  a  dwell  time  of  50  ms  at  each 
frequency.  One-hundred  frequencies  were  sampled  in  each  of  the  nine 
frequency  ranges  corresponding  to  the  nine  IMPATT  diodes;  because  the 
diodes  differed  in  frequency  range,  the  steps  varied  from  extremes  of  35 
MHz  in  the  band  26.5-30.0  GHz  to  100  MHz  in  the  band  80.0-90.0  GHz.  The 
results  of  tests  of  water  vs  water,  included  in  Table  47,  demonstrated 
the  relatively  small  degree  of  variation  in  these  measurements. 

TABLE  47:  RELATIVE  INSERTION  LOSS  AND  REFLECTANCE  FOR  VARIOUS  SAMPLES 


Bio. 

Comparison 

Frequency 

sample 

medium 

range  (GHz) 

Mean 

Min. 

Max. 

Relative  insertion  loss  (dB) 

H20 

H20 

26.5-90.0 

-0.024 

-0.20 

+0.16 

MEM 

H20 

26.5-90.0 

-0.13 

-0.38 

+0.033 

12. OX  RNA 

1-M  NH40H 

26.5-90.0 

-0.71 

-1.16 

+0.22 

3.6X  RNA 

1-M  NH40H 

26.5-90.0 

-0.26 

-1.37 

+0.42 

0.5X  RNA 

1-M  NH40H 

26.5-90.0 

+0.020 

vO 

r-- 

O 

1 

+0.67 

BHK-21/C13 

MEM 

26.5-60.0 

-0.14 

-0.47 

+0.19 

C.  albicans 

broth 

26.5-60.0 

-0.21 

-0.52 

0.00 

C.  albicans 

broth 

70.0-90.0 

-0.12 

-0.24 

+0.032 

C.  krusei 

broth 

70.0-90.0 

-0.13 

-0.30 

-0.002 

E.  coli 

broth 

70.0-90.0 

-0.12 

-0.21 

-0.023 

Relative  reflectance  (dB) 

H20 

H20 

26.5-90.0 

-0.018 

-0.39 

+0.18 

MEM 

H20 

26.5-90.0 

-0.020 

-0.48 

+0.29 

12. OX  RNA 

1-M  NH40H 

26.5-90.0 

+0.11 

-0.55 

+0.69 

3.6X  RNA 

1-M  NH40H 

26.5-90.0 

+0.0052 

-0.18 

+0.32 

0.5X  RNA 

1-M  NH40H 

26.5-90.0 

-0.12 

-1.64 

+0.75 

BHK-21/C13 

MEM 

26.5-60.0 

+0.024 

-0.32 

+0.50 

C.  albicans 

broth 

26.5-60.0 

+0.013 

-0.38 

+0.17 

The  authors  noted  that  the  results  above  strongly  suggest  that  none  of 
the  biological  materials  examined  absorb  a  significant  amount  of  energy 
in  the  range  26.5-90.0  GHz.  First,  all  means  of  relative  insertion  loss 
exceeding  0.02  dB  were  negative,  as  exemplified  by  those  for  3.6X  and 
12. 0Z  solutions  of  RNA,  -0.26  dB  and  -0.71  dB,  respectively.  Since  the 
decrease  in  this  case  was  directly  proportional  to  the  amount  of  RNA  in 
solution,  it  seems  roost  probable  that  such  decreases  were  ascribable  to 
replacement  of  part  of  the  water  by  one  or  more  solutes  that  absorbed 
little  or  no  RFR  energy.  Second,  peak  values  of  relative  insertion  loss 
and  relative  reflectance  were  very  small.  Since  the  values  in  Table  47 
summarized  the  data  from  large  numbers  of  different  frequencies  (200  for 
70.0-90.0  GHz,  600  for  26.5-60.0  GHz,  and  900  for  26.5-90.0  GHz),  these 
results  indicate  that  substantial  resonance  peaks  were  not  observed  at 
any  of  the  frequencies  sampled. 

567 


The  authors  noted  that  possible  absorption  peaks  of  moderate  size  ( <- 
2  dB)  were  sometimes  observed  at  specific  frequencies  in  a  single  scan, 
but  were  never  replicated  in  subsequent  scans  of  identical  preparations. 
In  addition,  similar  apparent  peaks  of  moderate  size  were  occasionally 
observed  in  control  experiments  in  which  a  sample  of  medium  was  compared 
with  itself  (data  not  shown). 

Representative  scans  of  relative  insertion  loss  and  relative  reflec¬ 
tance  for  C.  albicans  with  the  six  IMPATT  oscillators  covering  the  range 
26.5-60  GHz  were  presented  to  show  that  the  departures  from  0  db  were 
due  to  system  noise  and  were  not  significant. 

More  extensive  tests  were  performed  on  C.  krusei  using  only  6-MHz 
steps  in  the  frequency  range  41.2-41.8  GHz,  within  which  range  Grundler 
et  al.  (1977)  had  reported  resonances  in  S.  cerevisiae.  The  results 
were  £ • ven  in  Table  48  (adapted  from  Table  3  of  the  paper),  with  N 
representing  the  number  of  samples  tested: 


TABLE  48:  TESTS  OF  C.  KRUSEI  VS  BROTH  AT  41.2-41.8  GHZ 


Concentration  Dwell  time  Power 


(mill ion/ml )  (ms) 

(microwatts) 

N 

Mean 

Min. 

Max. 

Relative 

insertion  loss  (dB) 

200 

50 

60.0 

2 

-0.054 

-0.087 

-0.012 

200 

5 

60.0 

1 

-0.054 

-0.091 

-0.021 

200 

50 

60.0 

5 

-0.068 

-0.110 

-0.038 

200 

50 

10.0 

5 

-0.100 

-0.170 

-0.047 

200 

50 

2.0 

5 

+0.025 

-0.064 

+0.150 

20 

50 

60.0 

1 

-0.037 

-0.089 

+0.025 

Relative 

reflectance 

(dB) 

200 

50 

60.0 

2 

-0.010 

-0.076 

+0.053 

200 

5 

60.0 

1 

-0.037 

-0.120 

+0.069 

200 

50 

60.0 

5 

+0.013 

-0.017 

+0.048 

200 

50 

10.0 

5 

+0.012 

-0.071 

+0.100 

200 

50 

2.0 

5 

+0.015 

-0.210 

+0.31 

20 

50 

60.0 

1 

-0.012 

-0.10 

+0.091 

The  authors  stated:  "Although  the  frequency  interval  of  6  MHz  should 
have  been  adequate  to  resolve  the  reported  biological  spectra,  no 
significant  differences  were  seen  in  experiments  comparing  yeast  with 
its  nutrient  broth  at  any  combination  of  cell  concentration,  dwell  time, 
and  incident  power  level  (Table  3)."  A  representative  plot  of  relative 
insertion  loss  vs  frequency  for  one  set  of  conditions  was  presented. 

Similar  experiments  in  the  range  70.0-73.5  GHz  were  performed  on  BHK- 
21/C13  tumor  cells  on  the  basis  that  Webb  and  Booth  (1971)  had  reported 
that  tumor  cells  absorb  69-GHz,  72-GHz,  and  75-GHz  RFR  more  strongly, 
and  absorb  66-GHz,  68-GHz,  and  70-GHz  RFR  less  strongly,  than  normal 
baby  hamster  kidney  cells.  Steps  of  35  MHz  were  used.  No  significant 
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differences  were  seen  when  the  cells  were  compared  with  their  medium  at 
any  combination  of  cell  concentration,  dwell  time,  and  incident  power. 

Additional  experiments  were  also  done  in  which  relative  insertion  loss 
of  a  suspension  of  E.  coli  was  compared  with  that  of  nutrient  broth  when 
a  water  jacket  was  used  to  maintain  the  sample  holder  at  37  deg  C  to 
ensure  cell  viability.  In  three  sets  of  experiments,  the  power  levels 
used  were  in  the  ranges  8.0-24.0,  0.18-0.35,  and  1. 0-4.0  microwatts. 

The  results,  presented  graphically,  showed  no  evidence  of  resonances. 

Spectra  were  also  obtained  over  the  range  26.5-40.0  GHz  for  suspen¬ 
sions  of  BHK-21/C13  cells  frozen  in  liquid  nitrogen  or  dry  ice,  based  on 
the  point  that  RFR-absorption  by  solid  water  is  much  smaller  than  for 
liquid  water  and  is  not  strongly  temperature-dependent.  The  average 
insertion  losses  of  solid  and  liquid  water  in  this  range  were  respec¬ 
tively  0.2  and  130.0  dB/cm.  The  mean  absolute  insertion  loss  and  SD 
measured  at  each  frequency  in  the  range  26.5-40.0  GHz  were  displayed 
graphically  for  five  samples  each  of  frozen  water,  MEM,  and  suspension 
of  BHK  cells  in  medium  containing  102  glycerol  as  a  cryoprotectant . 

The  authors  stated:  "Such  plots  exhibited  a  very  jagged  appearance 
which  was  replicable  with  repeated  frequency  sweeps  of  the  same  frozen 
sample.  However,  each  successive  thawing  and  refreezing  of  the  same 
sample  changed  the  location  of  the  peaks  and  troughs  but  not  the  jagged 
nature  of  the  curves.  It  is  felt,  therefore,  that  the  pattern  of  peaks 
and  troughs  results  from  interference  phenomena  associated  with  reflec¬ 
tion  from  flaws  in  the  frozen  samples  and  not  from  some  inherent  proper¬ 
ty  of  the  cells  themselves.  In  all  experiments  carried  out  with  frozen 
BHK  cells,  no  evidence  of  frequency-specific  absorption  peaks  was  found, 
even  though  the  sensitivity  to  absorption  by  the  cells  was  markedly  in¬ 
creased  by  this  experimental  manipulation." 

However,  they  also  concluded  that:  "In  spite  of  the  negative  spectral 
measurements  and  the  absence  of  effects  on  the  BHK-21/C13  cells  studied 
so  far,  the  possibility  of  frequency-specific  biological  effects  on 
other  media  cannot  be  ruled  out.  It  is  necessary  to  use  great  care  in 
the  design  of  both  the  microwave  and  biological  aspects  of  experiments 
in  this  region  of  the  electromagnetic  spectrum  where  it  is  difficult  to 
consistently  generate  and  accurately  measure  microwave  fields." 

In  Partlow  et  al.  (1981),  the  first  of  three  concurrent  papers  pub¬ 
lished  subsequently,  a  novel  in-vitro  method  for  investigating  cellular 
effects  of  millimeter  waves  was  described,  in  which  temperature-sensi¬ 
tive  liquid  crystals  coated  on  mylar  sheets  were  used  to  determine  tem¬ 
peratures  of  cell  monolayers.  The  speed  of  the  method  permits  assess¬ 
ment  of  effects  at  many  RFR  power  densities  and  frequencies  on  a  single 
monolayer.  In  this  study,  the  method  was  used  to  determine  the  effects 
of  RFR  at  41.8  or  74.0  GHz  on  both  RNA  and  protein  synthesis  by  mono¬ 
layer  cultures  of  BHK-21/C13  cells  both  during  and  right  after  exposure. 

Approximate  frequency  ranges  37-42,  42-48,  and  65-75  GHz  were  covered 
by  three  klystrons.  The  output  of  each  klystron  was  fed  to  an  open- 


ended  waveguide  section  appropriate  for  the  specific  frequency  range, 
through  an  attenuator,  a  directional  coupler  and  associated  instrumen¬ 
tation  for  monitoring  the  incident  power  and  frequency,  a  directional 
coupler  and  associated  instrumentation  for  measuring  reflected  power, 
and  an  E-H  tuner  to  minimize  reflected  power  and  optimize  output-power 
coupling.  The  waveguide  from  the  E-H  tuner  was  passed  through  the  wall 
of  a  walk-in  incubator  to  the  open-ended  section  via  a  90-deg  bend,  to 
direct  the  RFR  upward. 

The  authors  stated:  "Following  a  30-minute  warm-up  period,  power 
fluctuations  were  less  than  a  few  percent.  Furthermore,  frequency 
shifts  were  less  than  0.05  GHz  even  after  several  hours  of  operation." 
The  sample  holder,  described  below,  was  placed  on  the  open  end  of  the 
waveguide.  The  intensities  incident  at  specimen  center  were  determined 
with  thermistors  in  temperature-compensated  mounts  placed  at  the  holder 
location  and  used  in  conjunction  with  a  power  meter.  The  intensity 
calculations  accounted  for  both  the  frequency-dependent  correction 
factor  of  the  mounts  and  their  effective  areas. 

Low-passage-level  BHK-21/C13  cells  certified  as  mycoplasma-free  were 
obtained  and  were  experimentally  verified  to  be  free  of  mycoplasma 
contamination.  Each  cell  monolayer  was  cultured  in  a  well  20  mm  in 
diameter  and  1  mm  deep,  fashioned  by  drilling  a  hole  in  the  bottom  of  a 
standard  35-mm  Falcon  tissue  culture  dish.  The  bottom  of  each  hole  was 
covered  with  a  polystyrene  coverslip  (25  mm  in  diameter;  treated  for 
tissue  culture)  held  in  place  by  paraffin.  A  template  was  used  to  mark 
the  undersurface  of  each  coverslip  to  permit  positioning  it  precisely  on 
the  waveguide.  Exposures  were  done  in  the  aforementioned  walk-in 
incubator.  The  klystrons  were  operated  at  maximum  output,  yielding 
spatially  averaged  power  densities  for  41.8  and  74.0  GHz  of  320  and  450 
mW/sq  cm,  respectively,  at  the  undersurface.  The  cultures  were  exposed 
for  1  hr.  Control  cultures  were  sham-exposed. 

The  temperature  of  the  culture  medium  at  the  level  of  the  cell  mono- 
layer  was  estimated  by  use  of  mylar  sheets  coated  with  two  types  of 
liquid  crystals  that  exhibited  color  changes  in  the  ranges  35-40  and  40- 
45  deg  C.  The  sheets  were  calibrated  in  a  water  bath  containing  a  pre¬ 
cision  thermometer  and  a  spectrophotometer  that  provided  reference 
colors  of  known  wavelengths.  The  results  of  calibration  of  the  sheet 
for  35-40  deg  C  were  displayed  as  a  graph  of  color  wavelength  vs  tem¬ 
perature.  Readily  discernible  were  differences  of  +/-  0.1  deg  C  in  the 
subrange  36.5-38.5  deg  C;  above  and  below  this  subrange,  the  colors  did 
not  correspond  to  single  wavelengths.  The  calibration  curve  for  the 
range  40-45  deg  C  was  not  displayed,  but  was  said  to  be  similar. 

The  heating  patterns  produced  by  the  RFR  were  determined  by  replacing 
the  polystyrene  coverslips  in  holders  with  discs  cut  from  the  liquid- 
crystal  sheets.  The  authors  noted  that  direct  measurements  of  the  RFR 
absorption  in  the  two  frequency  bands  had  shown  that  the  mylar  substrate 
and  the  polystyrene  coverslips  are  both  essentially  transparent  to  the 
RFR  (dielectric  constant  2.4).  As  a  consequence,  exposure  of  a  disc  of 
dry  liquid-crystal  material  in  the  range  42-48  GHz  at  320  mW/sq  cm  did 


not  change  its  color,  and  exposure  in  the  range  65-75  GHz  at  450  raW/sq 
cm  yielded  a  color  change  in  a  small  region  just  above  the  center  of  the 
waveguide  aperture  that  corresponded  to  a  rise  less  than  0.5  deg  C. 

By  contrast,  exposure  to  41.8  GHz  or  74.0  at  these  levels  after  addi¬ 
tion  of  water  to  the  wells  resulted  in  distinct,  complex  color  patterns. 
The  corresponding  temperature  rises  were  displayed  as  contours  vs  trans¬ 
verse  distance  from  the  center  of  the  waveguide  aperture.  Displayed 
also  were  graphs  of  temperature  variation  along  the  transverse  central 
axis  of  each  waveguide  parallel  to  its  long  dimension.  The  curves  were 
best-fitted  with  a  cosine-square  relation.  They  showed  that  the  maximum 
power  density  at  the  center  of  the  aperture  was  twice  the  spatially 
averaged  value,  i.e.,  for  the  320-  and  450-mW/sq-cra  means,  the  central 
maxima  were  about  640  and  900  mW/sq  cm. 

In  some  experiments,  a  peristaltic  pump  was  used  to  circulate  15  ml  of 
culture  medium  at  650  ml/hr  during  RFR-exposure  at  maximum  levels,  which 
maintained  the  temperature  of  the  cell  monolayer  constant  at  37.2  deg  C, 
as  evidenced  by  the  uniform  color  of  the  liquid  crystals;  recirculation 
was  not  used  in  other  experiments,  to  assess  the  thermal  effects  of  RFR. 

The  radiotracers  used  for  protein  and  RNA  were  respectively  tritiated 
methyl-methionine  and  uridine  (final  concentrations  of  0.015  and  0.020 
mCi/ral).  Each  labeled  substrate  was  added  to  the  RFR-  and  sham-exposed 
cultures  and  incubated  for  1  hr  either  during  or  just  after  exposure. 
Following  the  incorporation  period,  the  monolayer-bearing  coverslips 
were  removed,  subjected  to  appropriate  washing  procedures  to  prevent  the 
nonspecific  binding  of  unincorporated  label,  and  fixed. 

Radioactivity  in  washed  cell  monolayers  was  shown  to  result  from 
either  incorporation  of  labeled  methionine  into  protein  or  of  labeled 
uridine  into  RNA  in  the  following  manner.  An  inhibitor  of  protein  syn¬ 
thesis  (cyclohexamide )  or  RNA  synthesis  (actinomycin  D)  was  added  to 
cultures  1  hr  before  addition  of  the  appropriate  labeled  substrate,  and 
the  radioactivities  of  the  cultures  were  compared  with  those  for  cul¬ 
tures  without  the  inhibitor.  To  determine  the  absolute  level  of  radio- 
tracer  incorporation  per  unit  area  in  each  cell  monolayer,  a  rectangular 
portion  of  the  monolayer  was  cut  from  each  coverslip  and  its  area  was 
measured;  after  autoradiography  (see  below),  the  cell-bearing  segment 
was  dissolved  in  scintillation  cocktail  and  counted,  using  an  external- 
standards  ratio  to  convert  CPM  to  DPM. 

Autoradiography  of  cell  monolayers  was  done  using  a  tritium-sensitive 
single-coated  film.  A  plot  of  relative  radioactivity  (scale  0-1)  vs 
relative  optical  density  at  540  nra  (scale  0-1)  was  displayed;  regression 
analysis  was  used  to  obtain  the  curve  of  best  fit,  which  was  slightly 
nonlinear.  Exposure  times  were  then  chosen  to  obtain  a  mean  relative 
optical  density  of  about  0.5.  The  radioactivity  values  corresponding  to 
actual  optical  densities  were  corrected  for  the  film  nonlinearity. 

In  view  of  the  previously  noted  spatial  variation  of  temperature  along 
the  long  dimension  of  the  waveguide  (in  the  absence  of  recirculation), 


an  optical  microscope  equipped  with  a  narrow  slit  was  used  to  measure 
the  optical  densities  of  contiguous  0.1-mm-wide  regions  along  that  axis, 
in  expectation  that  different  degrees  of  effect  might  be  found.  Optical 
densities  were  also  determined  for  both  the  adjacent  unexposed  areas  of 
each  RFR-exposed  culture  and  for  sham-exposed  cultures,  to  express  the 
results  in  percentages  of  control  values.  All  values  were  presented  as 
means  and  SDs. 

As  expected,  macromolecular  synthesis  of  protein  or  RNA  in  BHK-21/C13 
cell  monolayers,  evidenced  by  incorporation  of  tritiated  methionine  or 
uridine,  was  found  to  be  unaffected  by  sham-exposure,  either  with  or 
without  recirculation.  Displayed  was  a  micrograph  and  autoradiograph  of 
a  cell  monolayer  labeled  with  methionine  and  exposed  to  74.0-GHz  RFR  at 
450  mW/sq  cm  with  no  medium  recirculation  and  stained  with  toluide  blue 
after  being  autoradiographed;  the  micrograph  showed  massive  destruction; 
the  autoradiograph  showed  that  no  methionine  incorporation  had  occurred 
in  the  central  region.  A  similar  micrograph  of  a  monolayer  exposed  to 
41.8-GHz  RFR  at  320  mW/sq  cm  exhibited  no  discernible  damage,  but  the 
autoradiograph  indicated  that  incorporation  of  methionine  into  protein 
was  greatly  depressed  in  the  central  region.  The  authors  noted  that 
results  similar  to  those  for  41.8-GHz  RFR  at  320  mW/sq  cm  were  obtained 
with  74.0  GHz  at  the  same  level  (no  data  given),  and  they  surmised  that 
the  damage  observed  with  74.0-GHz  RFR  at  450  mW/sq  cm  was  related  to 
RFR-level  and  not  to  RFR-f requency . 

In  the  previous  experiments,  monolayer  incubation  was  done  in  0.4  ml 
of  medium.  In  the  next  experiment,  to  extend  the  range  of  usable  power 
densities  without  killing  the  cells,  incubation  was  done  with  2  ml  of 
labeled-methionine  medium  (a  larger  heat  sink)  during  exposure  without 
recirculation  to  41.8-GHz  RFR  at  400,  800,  1200,  1600,  or  2000  mW/sq  cm 
at  waveguide  center.  The  2000-raW/sq-cm  level  resulted  in  destruction  of 
the  central  region  of  the  monolayer  (data  not  shown).  For  each  of  the 
other  RFR  levels,  the  spatial  variation  of  relative  optical  density 
fitted  a  cosine-square  curve,  with  the  highest  percentage  inhibition  of 
methionine  incorporation  into  protein  (relative  to  control)  at  waveguide 
center.  Replotting  the  data  for  the  four  power  densities  revealed  a 
linear  relationship  between  percentage  inhibition  and  power  density. 

Monolayers  (incubated  in  0.4  ml  of  medium))  cooled  by  recirculation 
during  exposure  to  41.8-GHz  RFR  at  320  mW/sq  cm  or  to  74.0-GHz  RFR  at 
450  mW/sq  cm  exhibited  no  inhibition  of  protein  or  RNA  synthesis,  from 
which  the  authors  concluded  that  the  alterations  of  synthesis  observed 
for  cultures  not  maintained  at  37.2  deg  C  must  have  been  due  entirely  to 
RFR-induced  heating  of  the  cells. 

The  authors  concluded:  "Our  results  demonstrate  that  synthesis  of  RNA 
and  protein  by  BHK-21/C13  cells  was  unaffected  by  exposure  to  41.8  or 
74.0  GHz  radiation  for  1  hour  under  conditions  that  prevented  microwave- 
induced  heating.  The  high  levels  of  radiation  incident  on  the  cells 
make  it  unlikely  that  we  failed  to  observe  a  biological  effect  because 
of  inadequate  intensity.  Since  macromolecular  synthesis  was  examined 
both  during  and  after  acute  exposure,  both  transient  and  persistent 
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biological  effects  were  excluded.  Our  results  further  demonstrate  that 
microwave-induced  heating  profoundly  affected  synthesis  of  both  RNA  and 
protein.  Thus,  the  absence  of  an  observed  effect  in  cultures  maintained 
at  normal  temperature  during  irradiation  was  not  due  to  the  inability  of 
our  measuring  system  to  detect  such  a  change." 

In  Stensaas  et  al.  (1981),  the  second  of  the  two  papers,  the  method 
for  exposing  monolayers  of  BHK-21/C13  cells  to  41.8-GHz  at  320  mW/sq  cm 
(640  raW/sq  cm  in  the  central  area)  or  74.0-GHz  RFR  at  450  mW/sq  cm  (900 
mW/sq  cm  in  the  central  area)  was  the  same  (with  or  without  recirculat¬ 
ing  the  medium),  but  no  radiotracers  were  added  to  the  culture  medium. 
Instead,  cell  ultrastructures  were  examined  by  scanning  and  transmission 
electron  microscopy  after  1-hr  exposure  or  sham-exposure. 

A  scanning  electron  micrograph  of  the  central  cell  area  of  a  specimen 
exposed  to  74.0-GHz  RFR  at  900  mW/sq  cm  while  being  maintained  at  37.2 
deg  C  by  recirculation  and  one  for  a  sham-exposed  specimen  were  shown. 
The  two  micrographs  were  very  similar;  frequency  of  fiber  projections, 
appearance  of  cell-cell  interfaces,  nature  of  attachment  to  substrate, 
particle  density  on  upper  cell  surfaces,  and  extent  of  confluency  were 
essentially  the  same  in  both.  Transmission  electron  micrographs  from  a 
pair  of  specimens  treated  in  the  same  manner  exhibited  ultrastructural 
characteristics  that  were  similar  in  both  the  nucleus  (heterochromatin 
distribution  and  number  of  nucleoli)  and  cytoplasm  (rough  and  smooth 
endoplasmic  reticulum,  mitochondria,  cytoplasmic  filaments,  and  free 
ribosomes).  In  addition,  no  differences  were  observed  in  the  appearance 
of  the  plasma  membrane  or  in  the  incidence  and  distribution  of  filopodia 
or  of  coated  vesicles  on  or  near  the  upper  cell  surface.  Non-central 
regions  of  such  specimens,  where  the  power  densities  were  lower,  were 
likewise  unaffected  by  the  RFR.  Similar  results  were  obtained  for  the 
central  regions  of  cell  monolayers  exposed  to  41.8  GHz  at  640  mW/sq  cm 
while  being  maintained  at  37.2  deg  C  by  recirculation. 

For  cell  monolayers  exposed  to  RFR  at  either  frequency  and  correspond¬ 
ing  mean  power  density  without  cooling  by  medium  recirculation,  the 
central-region  temperature  reached  approximately  42  deg  C.  The  authors 
stated:  "Nevertheless,  no  ultrastructural  effects  were  seen  by  either 
scanning  ot  transmission  electron  microscopy  at  any  point  along  the 
longer  axis  of  the  waveguide  aperture,  even  though  the  cell  monolayer 
was  substantially  heated  for  a  period  of  1  hour." 

For  an  uncooled  cell  monolayer  exposed  to  41.8-GHz  RFR  at  a  mean  power 
density  of  1000  mW/sq  cm  (2000  mW/sq  cm  in  the  central  region),  scanning 
electron  microscopy  revealed  profound  morphological  changes.  Regions  of 
the  exposed  monolayer  midway  between  waveguide  center  and  edge  exhibited 
decreased  cellular  attachment  to  the  substrate,  increased  space  between 
neighboring  cells,  increased  rounding  of  the  cells,  and  an  increased 
number  of  broken  cell  processes,  relative  to  those  for  the  unexposed 
peripheral  regions  of  the  same  monolayer.  Cells  in  the  central  region 
were  damaged  more  severely;  they  appeared  to  have  been  heat-killed  and 
all  were  almost  completely  detached  from  the  substrate. 
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Transmission  electron  microscopy  was  used  to  examine  the  central 
region  of  an  uncooled  monolayer  exposed  for  1  hr  to  41.8-GHz  RFR  at  mean 
power  densities  of  600,  800,  and  1000  mW/sq  cm  (1200,  1600,  and  2000 
mW/sq  cm  in  the  central  region)  and  that  of  a  sham-exposed  monolayer. 
Cellular  damage  in  the  RFR-exposed  monolayer  was  proportional  to  power 
density;  increased  dumpings  of  heterochromatin  in  the  nuclei  and 
appearance  of  large  vesicles  in  the  cytoplasm  were  the  most  obvious 
effects.  If  culture  fixation  was  delayed  for  1  hr  after  exposure,  the 
central  cells  exposed  at  1600  mW/sq  cm  or  higher  always  became  detached. 

The  temperature  in  the  central  region  of  the  monolayer  rose  to  about 
44  deg  C  within  seconds  after  initiation  of  exposure  at  600  mW/sq  cm 
(1200  mW/sq  cm  in  the  center);  for  exposure  at  800  or  1000  mW/sq  cm 
(1600  or  2000  mW/sq  cm  in  the  center),  the  temperature  in  the  central 
region  rose  to  45  deg  C  or  higher.  Therefore,  the  authors  surmised  that 
threshold  temperature  for  RFR-induced  damage  detectable  by  electron 
microscopy  was  between  44  and  45  deg  C.  They  also  showed  micrographs 
indicating  that  similar  results  were  obtained  for  uncooled  cell  mono- 
layers  exposed  to  74.0-GHz  RFR  at  450  mW/sq  cm  (900  mW/sq  cm  in  the 
central  region),  the  highest  available  level,  provided  that  the  ambient 
temperature  in  the  walk-in  incubator  was  raised  to  38.5  deg  C.  Under 
these  conditions,  the  temperature  in  the  central  region  rose  to  about 
44.5  deg  C. 

The  authors  of  this  study  concluded  that  the  RFR-induced  ultrastruc- 
tural  changes  seen  in  BHK-21/C13  cells  were  due  exclusively  to  heating. 

In  the  third  paper,  Bush  et  al.  (1981)  used  the  same  method  for  expos¬ 
ing  monolayers  of  BHK-21/C13  cells  to  RFR.  However,  the  endpoints 
sought  were  frequency-specific  effects  and  existence  of  amplitude  win¬ 
dows  for  protein  synthesis  as  determined  by  incorporation  of  tritiated 
methionine  (with  autoradiography).  For  these  purposes,  monolayers  of 

cells  were  exposed  to  RFR  in  the  ranges  38-48  GHz  and  65-75  GHz  in  0.1- 

GHz  steps,  a  total  of  202  frequencies,  for  15  min  each,  during  which  the 

incubation  with  tritiated  methionine  was  done  and  the  monolayers  were 

maintained  at  37.2  deg  C  by  medium  recirculation.  The  mean  power  den¬ 
sities  in  the  two  ranges  were  292  and  177  mW/sq  cm,  respectively,  the 
available  maxima. 

Relative  optical  densities  in  31  contiguous  regions  (0.1-mm  wide) 
along  the  longer  central  axis  of  the  waveguide  aperture  were  measured 
for  the  autoradiographs  obtained  of  the  monolayers  exposed  in  the  range 
38-48  GHz,  and  similarly  for  48  contiguous  regions  of  those  exposed  in 
the  range  65-75  GHz.  In  each  case,  the  results  for  four  exposed  mono- 
layers  were  averaged.  Scintillation  counting  was  used  to  determine 
absolute  levels  of  methionine  incorporation  (in  DPM/sq  mm). 

For  the  monolayers  exposed  in  the  range  38-48  GHz,  the  distributions 
of  relative  optical  density  along  the  longer  central  waveguide  axis  were 
displayed  for  each  frequency.  The  maxima  and  minima  in  each  spatial 
sweep  were  all  within  +  /-  10X  of  control  level  and  the  differences  were 
said  to  be  statistically  nonsignificant. 


Statistical  techniques  designed  to  test  for  the  presence  of  biological 
effects  not  discernible  because  of  their  small  amplitude  were  used.  The 
central-axial  distribution  of  relative  optical  density  for  each  exposed 
monolayer  was  divided  into  sequential  42  increments,  the  results  within 
each  increment  for  all  exposed  monolayers  were  pooled,  and  a  histogram 
of  the  frequency  of  each  relative  optical  density  was  constructed.  This 
process  was  also  used  for  all  of  the  sham-exposed  monolayers  and  the  two 
histograms  were  compared.  The  two  distributions  were  almost  identical; 
the  means  and  SEs  for  the  control  and  exposed  distributions  were  100.16 
+/-  0.21  (n-1008)  and  100.28  +/-  0.05  (n-18,816),  respectively;  variance 
comparison  yielded  an  F  statistic  of  1.046.  Evidently,  the  two  data 
sets  were  from  a  common  population. 

Similar  results  and  conclusions  were  obtained  for  the  monolayers 
exposed  in  the  range  65-75  GHz.  The  means  and  SEs  for  the  control  and 
exposure  histograms  were  100.27  +/-  0.26  (n=837)  and  100.27  +/-  0.07 
(n-12,152),  respectively,  and  the  F  statistic  was  1.035. 

In  their  discussion,  the  authors  noted  that  protein  synthesis  was  cho¬ 
sen  as  an  indicator  of  possible  biological  effects  of  millimeter  waves 
because  it  is  "exquisitely  sensitive"  to  changes  in  many  aspects  of  cell 
metabolism,  and  that  great  care  was  taken  to  avoid  possible  artifactual 
effects  such  as  RFR-induced  heating.  Yet,  no  evidence  was  found  for  the 
existence  of  any  athermal  frequency-selective  effect  on  the  synthesis  of 
protein  by  BKK-21/C13  cells. 

For  studies  of  interactions  between  cellular  constituents  and  RFR  at 
frequencies  below  as  well  as  within  the  submilliraeter  range,  Swicord  and 
Davis  (1983)  described  a  new  method  for  measuring  RFR  absorption  by  an 
optically  transparent  liquid.  A  single-frequency  (He-Ne)  laser  beam  is 
split  into  two  beams  in  a  Mach-Zehnder  interferometer;  after  traversing 
approximately  equal  path  lengths,  the  two  beams  are  rendered  collinear 
again  with  another  splitter  for  photodetection.  The  sample  ( in  a  1-cra- 
pathlength  cell)  is  inserted  in  one  of  the  two  paths;  a  piezoelectric 
(PZT)  transducer  mounted  on  the  back  side  of  the  mirror  in  the  other 
path  is  used  for  alignment  and  for  adjustment  to  obtain  phase  quadrature 
between  the  two  beams. 

The  novel  feature  of  the  method  is  injection  of  a  short  RFR  pulse  into 
the  sample.  The  temperature  rise  thus  caused  in  the  sample  produces  a 
density  (refractive-index)  variation  observable  as  a  phase  fluctuation 
in  the  signal  detected.  In  this  study,  injection  of  the  RFR  was  done 
with  a  special  section  of  waveguide  vertically  immersed  in  the  sample. 
The  waveguide's  upper  end  was  shorted  and  was  fed  by  coax-to-waveguide 
adapter.  The  section  was  filled  with  solid  dielectric  for  a  distance  of 
5  cm  downward  (partially  immersed)  and  was  open  for  the  remainder  of  its 
length  (totally  immersed  in  the  sample).  Slots  cut  in  the  centers  of 
the  broad  walls,  about  0.8  mm  wide  and  2  cm  long  from  the  dielectric- 
liquid  interface  to  the  open  end,  permitted  movement  of  the  transverse 
laser  beam  (parallel  to  the  maximum  E-field)  along  the  propagation 
direction  and  therefore  measurements  of  absorption  as  a  function  of 
distance  from  the  dielectric-liquid  interface. 
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Phase-change-detection  sensitivity  is  enhanced  by  applying  a  small 
sinusoidal  voltage  to  the  piezoelectric  transducer,  which  produces 
mirror  vibrations  of  a  few  nanometers  and  a  sinusoidal  heterodyne 
signal.  The  method  is  called  "phase-fluctuation-optical-heterodyne 
(PFLOH)  spectroscopy."  To  maintain  the  sensitivity  constant  against 
changes  in  ambient  temperature  and  pressure,  the  dc  component  of  the 
heterodyne  signal  is  used  via  a  servo  system  to  apply  a  correction  to 
the  piezoelectric  transducer. 

Using  the  PFLOH  system,  the  absorption  properties  of  aqueous  solutions 
of  DNA  extracted  from  E.  coli  were  measured  in  the  frequency  range  8-12 
GHz.  A  plot  of  attenuation  coefficient  for  DNA  vs  frequency  exhibited 
no  resonances  but  the  values  were  found  to  increase  linearly  from  about 
0.4  per  ram  at  8  GHz  to  about  0.6  per  ram  at  12  GHz,  all  of  which  were 
considerably  higher  than  for  Ringer's  solution  or  for  deionized  water  at 
corresponding  frequencies.  The  ratio  of  the  attenuation  coefficient  for 
DNA  to  that  of  deionized  water  was  linear  with  frequency  and  of  negative 
slope,  with  values  of  about  1.4  at  8  GHz  and  about  1.1  at  12  GHz. 

Edwards  et  al.  (1985)  subsequently  reported  that  biochemical  analysis 
of  the  samples  of  E.  coli  DNA  in  aqueous  solution  used  in  previous 
studies  showed  the  presence  of  significant  amounts  of  RNA  and  protein 
impurities  and  that  the  DNA  had  been  extensively  sheared  by  improper 
handling.  In  addition,  the  enhanced  broadband  absorption  observed  for 
such  samples  in  the  range  8-12  GHz  was  absent  for  carefully  prepared  DNA 
samples  of  high  molecular  weight  (exceeding  200,000  base  pairs)  and  free 
of  protein  and  RNA. 

In  the  present  study,  the  authors  examined  theories  of  acoustic  modes 
in  long  molecules  that  predicted  length-dependent  resonances  in  DNA  and 
endeavored  to  experimentally  demonstrate  the  existence  of  such  modes. 
Accordingly,  they  prepared  solutions  of  cloned  DNA  of  uniform  length  and 
known  sequence  from  E.  coli  by  standard  plasmid  extraction  and  isolation 
procedures,  and  used  standard  dielectroraetry  to  determine  the  absorption 
characteristics  of  such  samples  in  the  frequency  range  2-9  GHz.  (Some 
of  the  same  information  was  also  presented  in  Edwards  et  al.,  1984.) 

Based  on  acoustic  velocity  data  in  DNA  (Hakim  et  al.,  1984),  samples 
of  DNA  were  prepared  that  had  lengths  in  the  range  up  to  a  few  wave¬ 
lengths  of  sound  waves  on  the  double  helix  Among  the  experimental 
results  was  a  plot  of  relative  absorption  vs  RFR  frequency  (2-9  GHz)  for 
a  solution  of  supercoiled  circular  DNA  molecules  having  2,740  bp;  the 
plot  showed  sharp  resonant  absorption  peaks  at  2.55,  4.00,  6.60,  and 
8.75  GHz.  A  plot  for  a  solution  of  2,740-bp  linearized  DNA  showed 
resonances  at  2.75,  4.15,  and  5.60  GHz  and  a  plot  for  an  equimolar 
solution  of  948-bp  and  1,792-bp  linear  DNA  fragments  had  resonances  at 
2.65  and  4.10  GHz.  The  authors,  noting  that  the  occurrence  of  such 
resonances  is  not  in  accord  with  recent  models  that  include  damping  of 
normal  modes  by  the  solvent  (Dorfman  and  Van  Zandt,  1983,  1984),  stated: 
"It  is  surprising  to  observe  such  sharp  microwave  resonances  in  dense 
solutions  at  room  temperature.  It  has  generally  been  believed  that  such 
resonances  should  be  overdamped.  If  not  overdamped,  the  resonances  were 
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expected  to  be  heavily  damped,  and  thus  very  broad." 

The  authors  observed  that  the  three  resonant  frequencies  for  the 
2,740-bp  linearized  DNA  were  in  approximate  ratio  3:5:7  and  they  asso¬ 
ciated  these  resonances  with  those  predicted  from  an  acoustic  model  to 
have  a  fundamental  and  odd  harmonics  (1:3: 5: 7).  However,  they  noted 
that  the  expected  fundamental  resonance  near  0.9  GHz  was  conspicuously 
absent  and  offered  possible  reasons  for  its  absence. 

Among  other  investigations  on  effects  of  RFR  on  bacterial  growth  was 
that  of  Hamrick  and  Butler  (1973).  They  exposed  four  strains  of  E.  coli 
and  one  strain  of  Pseudomonas  aeruginosa  to  2.45-GHz  far-field  CW  RFR 
for  12  hr  at  60  mW/sq  cm  in  an  RFR-absorber-1 ined  horn  system  (McRee  and 
Walsh,  1971)  and  compared  the  resulting  growth  curves  with  those  for  un¬ 
exposed  but  otherwise  similarly  treated  control  cultures  of  each  strain. 

Following  overnight  incubation  of  an  appropriately  diluted  culture  of 
each  strain  at  37  deg  C,  0.1  ml  therefrom  was  used  to  inoculate  30  ml  of 
nutrient  broth  in  two  plastic  tissue  culture  flasks,  one  for  exposure 
and  the  other  for  control.  As  determined  by  colony  counts,  the  initial 
concentrations  in  the  flasks  were  100  to  1000  cells  per  ml  and  the  final 
titers  after  1?  hr  of  exposure  were  10  million  to  100  million  cells  per 
ml.  The  RFR  power  density  was  adjusted  to  maintain  sample  temperature 
at  37  +/-  0.5  deg  C,  as  measured  with  a  shielded  thermistor  placed  in 
the  center  of  the  flask. 

The  authors  noted  that  temperature  was  fairly  uniform  over  the  entire 
flask  (+/-  0.6  deg  C)  and  that  RFR  had  little  effect  on  thermistor 
readings  (+/-  0.2  deg  C),  determined  by  switching  the  RFR  on  and  off. 
Moreover,  RFR  exposure  in  the  presence  and  absence  of  the  thermocouple 
also  yielded  small  temperature  differences  (+/-  0.2  deg  C).  The  RFR- 
absorption  rate  by  the  medium  in  a  flask  was  determined  by  heating  the 
medium  with  RFR  to  44  deg  C,  recording  the  temperature  vs  time  as  the 
medium  cooled,  and  using  the  slope  of  the  resulting  cooling  curve  at  37 
deg  C  in  the  heat-loss  equation.  At  an  incident  power  density  of  60 
mW/sq  cm  (measured  with  a  Narda  probe),  for  example,  the  absorbed  power 
per  unit  surface  area  (determined  from  the  slope  of  the  cooling  curve) 
was  about  41  raW/sq  cm,  and  the  absorbed  power  per  unit  volume  was  29.2 
mW/cu  cm  [i.e.,  the  SAR  was  about  29  W/kg ] .  The  control  flasks  were 
treated  in  an  incubator  at  37  deg  C. 

After  each  2  hr  of  treatment,  0.5-ml  samples  were  taken  and  serially 
diluted  in  phosphate  buffer,  and  0.1-ml  or  1-ml  aliquots  thereof  were 
moved  by  pipette  into  sterile  petri  plates,  20  ml  of  melted  nutrient 
agar  at  50  deg  C  was  poured  into  each  plate,  the  plates  were  swirled  to 
distribute  the  bacteria  uniformly,  and  colony  counts  were  made  after 
incubation  of  the  plates  for  24  hr  at  37  deg  C.  Results  were  expressed 
as  semilog  plots  of  colony  counts  vs  time. 

The  curve  of  growth  for  E.  coli  strain  9637  exposed  to  RFR  at  60  mW/sq 
cm  (29  W/kg)  and  that  for  the  same  strain  heated  in  the  incubator  at  37 
deg  C  were  S-shaped  (slow  initial  growth  rate  followed  by  rapid  growth, 
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reaching  a  plateau  at  about  the  last  2  hr)  covering  a  range  more  than 
£ive  orders  of  magnitude.  The  RFR  curve  was  slightly  higher  than  the 
incubator  curve,  but  the  authors  noted  that  the  difference  was  within 
the  limits  of  experimental  error.  Similar  pairs  of  curves  were  obtained 
for  E.  coli  strains  23224,  11303,  and  12407,  but  the  initial  and  plateau 
counts  differed  from  strain  to  strain.  The  RFR  and  incubator  curves  for 
P.  aeruginosa  strain  25327  at  37  deg  C  were  also  virtually  coincident, 
but  exhibited  only  about  four  orders  of  magnitude  of  growth  during  the 
12  hr  without  attaining  a  plateau. 

A  flask  of  E.  coli  strain  23224  was  exposed  for  12  hr  at  an  absorbed 
dose  rate  of  259  raW/sq  cm  (SAR  about  185  W/kg).  To  maintain  the  culture 
at  37  deg  C  during  exposure,  the  flask  was  wrapped  in  wet  gauze  and  air 
was  blown  over  the  surface.  Again,  the  difference  between  the  RFR  and 
incubator  curves  was  negligible.  To  permit  a  still  higher  RFR  exposure 
level,  growth  was  determined  at  44  deg  C  for  flasks  of  E.  coli  strain 
9637  heated  by  RFR  and  incubator.  The  absorbed  RFR  level  was  about  450 
mW/sq  cm  (SAR  about  320  W/kg).  Once  more,  there  was  no  appreciable 
difference  between  the  curves. 

To  show  the  dependence  of  growth  on  temperature,  curves  for  E.  coli 
strain  9637  grown  in  flasks  for  24  hr  in  an  incubator  at  34,  37,  and  40 
deg  C  were  displayed.  As  expected,  the  growth  rates  at  34  and  40  deg  C 
were  less  than  at  37  deg  C.  The  data  also  showed  that  a  3-deg-C  change 
is  readily  detectable  in  the  growth  curves. 

Szmigielski  et  al.  (1975b)  sought  possible  effects  of  RFR  on  contin¬ 
uous  cell  lines  growing  in  vitro,  including  alterations  of  cell  function 
and  virus  replication  in  such  cells.  The  cell  system  used  was  a  mono- 
layer  of  WISH  cells  on  a  glass  surface,  reputed  to  comprise  a  very  homo¬ 
geneous  cell  population.  Used  for  infecting  WISH  cells  was  parainflu¬ 
enza-3,  a  myxovirus  (characterized  by  an  RNA  nucleocapsid  in  a  loose 
membrane  and  the  ability  to  agglutinate  erythrocytes). 

WISH  cells  passaged  once  every  three  days  of  growth  on  a  medium  com¬ 
posed  of  15X  Hanks'  balanced  salt  solution,  75X  Parker's  solution,  10X 
fetal  calf  serum,  and  kanamycin  were  exposed,  24  hr  after  passage,  to  3- 
GHz  CW  RFR  from  a  horizontally  radiating  conical  horn  30  cm  in  diameter 
within  an  anechoic  chamber.  For  exposure,  a  monolayer  of  cells  was 
deposited  on  the  vertical  internal  surface  facing  the  horn  of  a  plaque 
or  Legroux  flask  at  a  distance  of  230  cm  from  the  horn's  mouth  (far 
field).  The  source  was  a  500-W  magnetron,  but  its  type  was  not  stated. 

A  1-cm  elementary  dipole  was  used  as  a  miniprobe  to  measure  the  power 
densities  at  several  locations  within  and  outside  an  empty  flask  and  one 
that  held  a  monolayer  of  cells.  For  an  empty  flask  with  20  mW/sq  cm  at 
the  outside  front  surface  (toward  the  source),  the  value  at  the  inside 
front  surface  was  14.5  mW/sq  cm,  from  which  the  power-density  decrease 
in  the  glass  was  stated  to  be  1.35  dB.  (By  calculation,  the  decrease 
was  1.40  dB,  but  the  difference  is  inconsequential.)  Also  given  was  the 
power  density  at  the  posterior  surface  of  the  empty  flask,  7.5  mW/sq  cm, 
for  a  total  decrease  of  4.24  dB.  For  a  monolayer-bearing  flask  with  20 
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mtf/sq  cm  at  its  outside  front  surface,  the  corresponding  values  at  the 
inside  front  and  posterior  surfaces  were  respectively  12.5  and  6.5  mW/sq 
cm,  for  a  total  decrease  of  4.88  dB.  The  authors  gave  no  interpretation 
of  these  decreases  in  terms  of  specific  absorption  rate  by  the  cells. 

WISH  cultures  were  exposed  for  30  min  at  5  or  20  mW/sq  cm  [presumably 
levels  at  the  outside  front  surface],  and  cells  (treated  with  various 
vital  stains)  were  given  morphologic  examination  by  microscope  and 
cytochemical  evaluations  1,  24,  and  48  hr  after  exposure.  Control 
cultures  were  similarly  treated. 

Other  WISH  cultures  were  infected  with  parainfluenza-3  virus  1  or  24 
hr  after  exposure  to  RFR,  with  control  cultures  similarly  treated;  48  hr 
after  infection,  cells  were  examined  morphologically  and  assessed  for 
virus  multiplication.  In  other  experiments,  cultures  were  infected  with 
the  virus  first,  then  exposed  for  30  min  to  the  RFR  2,  8,  or  16  hr  after 
infection,  and  assessed  for  virus  multiplication  48  hr  after  infection. 

Morphologic  examination  of  control  WISH  cultures  that  were  not  in¬ 
fected  with  the  virus  yielded  the  following  results:  Only  small  percen¬ 
tages  of  cells  were  stained  with  nigrosine,  viable  cells  without  any 
symptoms  of  degeneration  were  noted,  and  no  diffuse  absorption  of  Janus 
green  B  or  neutral  red  was  evident.  Cytochemical  tests  for  nitro  blue 
tetrazolium  reduction  revealed  three  distinguishable  classes  of  cells: 
those  having  large  granules  and  blue-stained  formazin  deposits,  cells 
having  small  distinct  granules  without  diffuse  staining,  and  cells  that 
were  not  stained.  Staining  with  succinic  dehydrogenase  yielded  the  same 
three  classes  of  reactivity. 

By  contrast,  1  hr  after  30-min  exposure  of  uninfected  WISH  cultures  at 
20  mW/sq  cm,  30-382  of  the  cells  were  stained  with  nigrosine,  and  the 
majority  of  the  cells  had  numerous  small  round  vacuoles;  the  nitro  blue 
tetrazolium  reduction  rate  was  markedly  lower;  and  only  10-152  of  the 
cells  showed  large  granules,  deposits  of  formazin,  and  diffuse  staining, 
as  compared  with  50-702  for  the  control  cultures.  Also,  the  percentage 
of  cells  with  succinic  dehydrogenase  activity  was  much  lower  than  for 
control  cultures.  Cell  function  partially  returned  to  normal  24  hr 
after  exposure:  the  percentage  of  nigrosine-stained  cells  decreased  to 
nearly  control  value;  vacuoles  stained  with  Janus  green  B  were  still 
evident  in  most  cells,  but  diffuse  staining  with  the  same  dye  or  with 
neutral  red  was  seen  in  only  a  few  cells.  The  succinic  dehydrogenase 
activity  was  lower  than  for  control  cultures,  but  was  higher  than  for 
cells  1  hr  postexposure. 

Uninfected  WISH  cultures  exposed  for  30  min  at  5  mW/sq  cm  exhibited  no 
differences  in  the  percentage  of  cells  stained  with  nigrosine  relative 
to  controls.  The  only  deviation  from  normal  was  the  presence,  in  302  of 
the  cells,  of  large  granules  stained  with  Janus  green  B.  The  exposed 
cultures  yielded  slightly  higher  percentages  of  cells  than  the  control 
cultures  for  succinic  dehydrogenase  activity. 

Virus  multiplications  were  given  as  numbers  of  infectious  particles 


per  ml,  and  the  results  for  the  cultures  inoculated  with  the  virus  after 
and  before  RFR  exposure  and  for  the  corresponding  controls  were 
displayed  in  Table  49  (Table  4  of  the  paper).  For  convenience,  the 
table  was  adapted  below  to  express  virus  concentration  as  log  (base  10) 
of  the  number  of  infectious  particles  per  ml  (LVC): 

TABLE  49:  LOG  VIRUS  CONCENTRATION  (LVC) 


Control 

5  mW/sq  cm 

20  mW/sq  cm 

LVC 

LVC 

LVC 

Post-exposure  interval 
before  inoculation  (hr) 

1 

5.00 

5.77 

3.67 

24 

3.67 

3.67 

4.50 

Post-inoculation  interval 
before  exposure  (hr) 

2 

4.53 

5.33 

8 

4.53 

5.50 

16 

4.53 

5.50 

As  seen  above,  the  LVC  values  for  i-hr  post-exposure  inoculation  were 
5.00  (100,000  particles  per  ml)  for  controls,  5.77  (roughly  600,000 
particles  per  ml)  for  5  mV/sq  cm,  but  only  3.67  (about  4700  particles 
per  ml)  for  20  mW/sq  cm,  thus  showing  no  clear  dependence  on  dose-rate. 
The  authors  noted  that  the  dominant  feature  of  the  20  mW/sq-cm  culture 
was  the  presence  of  large  multinuclear  cells,  with  very  few  syncytia 
(multinucleate  masses  of  protoplasm  produced  by  the  merging  of  cells) 
visible.  The  24-hr  post-exposure  inoculation  value  for  5  mW/sq  cm  was 
the  same  as  for  controls  (3.67),  but  was  higher  for  20  mW/sq  cm  (4.50). 
These  24-hr  changes  were  accompanied  by  the  appearance  of  large  numbers 
of  nigrosine-stained  cells,  decreases  in  nitro  blue  tetrazolium,  and 
increased  percentages  of  cells  showing  succinic  dehydrogenase  activity 
in  the  form  of  large  granules  and  formazin  deposits.  Also,  multiple 
syncytia  were  formed. 

In  the  experiments  involving  inoculation  of  cultures  at  the  indicated 
intervals  before  exposure  at  5  mW/sq  cm,  the  LVCs  for  both  the  exposed 
and  control  cultures  appeared  to  be  independent  of  the  time  interval, 
(4.53  at  2,  8,  and  16  hr  for  the  controls,  and  respectively  5.33,  5.50, 
and  5.50  for  the  exposed  cultures)  but  the  latter  were  larger  than  the 
former.  (Similar  data  were  not  presented  for  exposure  at  20  mW/sq  cm.) 

The  authors  summarized  their  findings  as  follows:  "Continuous  cell 
cultures,  WISH  cells,  manifested  temporal  functional  disturbances, 
observed  with  morphologic  and  virologic  techniques,  after  a  30-rain 
irradiation  with  3  GHz  microwaves  at  5  or  20  mW/sq  cm  power  densities, 
as  measured  on  culture  flask  surfaces.  The  rise  in  both  nitro  blue 
tetrazolium  reduction  and  myxovirus  multiplication  rates  in  cultures 
exposed  to  5  mW/sq  cm  suggests  that  this  radiation  dose  stimulated  cell 
metabolism,  especially  since  no  changes  in  supravital  staining  and 
phase-contrast  observations  were  found. 


"Conversely,  a  30-min  irradiation  at  20  mW/sq  cm  resulted  in  increased 
membrane  permeability  (staining  with  nigrosine,  diffuse  staining  with 
Janus  green  B  and  neutral  red),  decreased  nitro  blue  tetrazolium  reduc¬ 
tion  rate  and  succinic  dehydrogenase  activity,  and  the  appearance  of 
widespread  cellular  vacuolization.  These  findings  were  accompanied  by 
inhibition  of  myxovirus  replication.  The  above  phenomena  all  suggest 
severe  cellular  injury,  with  a  possible  disturbing  effect  on  the  mito¬ 
chondrial  system.  Surprisingly  enough,  24  and  48  hr  after  irradiation 
at  20  mW/sq  cm,  partial  regeneration  of  the  cultures  was  observed;  the 
virus  replication  rate  also  returned  to  normal. 

"Because  staining  with  nigrosine  and  cytoplasmic  vacuolization  are 
believed  to  be  the  symptoms  of  irreversible  cellular  injury,  it  is 
possible  that  only  certain  cells  were  injured  at  20  mW/sq  cm  and  that 
regeneration  is  possible  by  proliferation  of  the  unaffected  cells. 

"Inasmuch  as  WISH  cells  react  differently  to  5  or  20  mW/sq  cm  power 
densities,  quantitation  of  the  energy  absorbed  becomes  a  problem.  Power 
density  measurements  from  free  field  conditions,  empty  flasks  placed  in 
the  field,  and  flasks  with  WISH  cell  monolayers  only  yielded  part  of  the 
answer.  At  the  20  mW/sq  cm  power  density,  as  measured  on  the  flask  sur¬ 
face,  values  of  7.5  and  6.5  mW/sq  cm  were  found  on  the  other  side  of  the 
empty  and  cell  monolayer  flasks,  respectively.  This  difference  may  par¬ 
tially  be  due  to  increased  wave  reflection  and  to  their  absorption  in 
the  monolayer;  more  precise  measurement  techniques  are  needed  to  distin¬ 
guish  the  effects  of  both  components.” 

The  response  to  a  question  following  oral  presentation  of  this  paper 
on  whether  temperatures  were  measured  was:  "We  made  some  measurements  of 
culture  media  temperatures,  and  elevations  of  about  3  or  4  deg  C  were 
seen  in  the  cells.  These  cells  normally  live  at  37  deg  C.  At  the 
beginning  of  the  experiment  the  culture  was  at  25  deg  C,  and  after 
irradiation,  the  temperature  had  increased  to  29-30  deg  C,  which  is 
still  below  normal  for  the  cells.  It  is  well  known  that  cell  cultures 
tolerate  temperature  decreases  of  as  much  as  4  deg  C  very  well,  whereas 
they  tolerate  temperatures  above  39  deg  C  very  poorly." 

As  is  evident,  the  results  of  this  study  were  not  definitive.  Control 
over  experimental  conditions  appears  to  have  been  inadequate,  rendering 
any  possible  dependence  of  findings  on  power  density  and/or  temperature 
obscure  at  best.  In  addition,  the  numbers  of  cultures  studied  under 
each  set  of  conditions  was  not  stated  and  no  statistical  treatment  of 
the  results  was  given. 

Faulsson  et  al.  (1977)  investigated  whether  the  chemical  and  function¬ 
al  properties  of  cellular  microtubules  (a  structural  component  of  cells 
that  is  composed  primarily  of  the  polymerized  protein  tubulin)  would  be 
affected  by  exposure  to  RFR  in  vitro.  The  authors  noted  that  tubulin 
can  be  extracted  from  microtubule-rich  tissues  (e.g.,  the  brain)  and  can 
be  polymerized  to  microtubules  in  vitro,  and  that  the  antimitotic  drug 
colchicine  binds  specifically  to  tubulin  and  inhibits  its  polymerization 
to  microtubules.  They  also  noted  that  colchicine  has  a  blocking  effect 


on  axonal  transport  of  intracellular  materials  within  nerve  fibers. 

Thus,  they  investigated  the  following: 

1)  Colchicine-binding  properties  of  RFR-exposed  brain  extracts. 

2)  Assembly  of  microtubules  in  brain  extracts  during  RFR-exposure . 

3)  Effect  of  RFR-exposure  on  protein  transport  in  nerve  axons  in  vitro. 

The  RFR  source  was  a  magnetron  that  emitted  1 .4-microsecond  pulses  of 
3.1-GHz  RFR  at  a  peak  power  of  250  kW  and  pulse  repetition  frequencies 
in  the  range  100-300  pps.  The  magnetron  was  coupled  to  a  rectangular 
horn  of  face  dimensions  15.7  x  13.5  cm.  For  exposure,  a  sample  within 
the  container  described  below  was  placed  40  cm  from  the  horn  (about  0.8 
of  the  conventional  far-field  distance). 

The  biological  materials  studied  were  obtained  from  euthanized  albino 
rabbits.  For  the  colchicine-binding  aspect,  the  brain  was  excised, 
chilled  on  ice,  and  homogenized  at  0  deg  C  in  sodium  phosphate  buffer 
containing  appropriate  concentrations  of  sucrose,  guanosine  triphosphate 
(GTP),  and  magnesium  chloride.  After  the  homogenate  was  centrifuged  for 
1  hr  at  4  deg  C,  1.2-ral  quantities  of  supernatant  were  transferred  into 
a  pair  of  reentrant  polytetraf luorethylene  (PTFE)  containers  that  had 
inner  rectangular  dimensions  2.4  x  2.1  cm  transverse  to,  and  0.3  cm 
along,  the  RFR-propagation  direction,  and  were  heated  to  34  deg  C.  The 
containers  were  thermally  insulated  in  styrenefoaro  [sic],  and  one  of 
each  pair  was  exposed  to  pulsed  RFR  (200  pps)  at  a  mean  power  density 
(MPD)  of  24  mW/sq  cm  for  300  or  480  seconds,  or  at  52  mW/sq  cm  for  600 
or  900  seconds,  while  the  other  one  of  each  pair  was  kept  as  a  control. 

The  normalized  SAR  was  determined  from  thermocouple  measurements  of 
the  temperature  vs  time  of  a  1.5-ral  sample  in  such  a  container  (of  known 
geometry  and  dielectric  properties)  following  exposure  for  1  min  at  145 
mW/sq  cm.  The  result  was  4.6  W/l  (about  4.6  W/kg)  per  mW/sq  cm,  from 
which  the  SARs  for  MPDs  of  24  and  52  mW/sq  cm  were  110  and  240  W/l.  The 
authors  noted  that  at  52  mW/sq  cm,  sample  temperature  increased  by  4  deg 
C  during  a  900-second  exposure,  so  the  starting  temperature  (34  deg  C) 
was  chosen  to  ensure  that  the  final  temperature  would  not  exceed  body 
temperature  of  the  normal  rabbit. 

Colchicine  binding  after  exposure  was  assayed  by  adding  5  microliters 
of  a  mixture  of  tritiated  colchicine  (2  Ci/mmole)  and  vinblastine  to 
0.2-ml  aliquots  of  exposed  sample  to  attain  final  colchicine  and  vin¬ 
blastine  concentrations  of  2.5  and  10  micromoles,  respectively.  These 
solutions  were  then  incubated  for  60  min  at  37  deg  C,  after  which  they 
were  put  on  ice  to  stop  the  binding  reaction.  After  the  latter  step, 
the  solutions  were  passed  through  a  Millipore  microanalysis  apparatus, 
free  colchicine  was  removed,  the  filter  discs  were  placed  in  vials  that 
contained  10  ml  of  Butler's  scintillation  fluid,  and  the  radioactivities 
were  measured  by  liquid  scintillation  counting.  Aliquots  of  the  control 
samples  were  similarly  treated.  The  results,  each  expressed  as  the  mean 
ratio  of  the  difference  in  bound  colchicine  between  control  and  exposed 
samples  to  control  bound  colchicine  (in  percent),  [denoted  R],  were 
displayed  in  Table  50  (adapted  from  Table  1  of  the  paper): 
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TABLE  50:  RFR  EFFECTS  ON  COLCHICINE  BINDING  ACTIVITY  IN  RABBIT  BRAIN 


MPD 

SAR 

Duration 

No.  of 

R 

SE 

(mW/sq  cm) 

(W/l) 

(seconds) 

samples 

(X) 

24 

112 

300 

4  +  4 

1 

10 

24 

112 

480 

4  +  4 

-12 

6 

52 

243 

600 

5  +  5 

9 

7 

52 

243 

600 

5+5 

-4 

13 

52 

243 

900 

5  +  5 

-8 

13 

The  authors  concluded  that  the  RFR  in 
significant  effect  on  colchicine  binding 

the  range 
activity. 

of  levels 

used  had  i 

Viscometry 

was  used 

to  measure  polymerization  of 

tubulin 

to  microtu 

bules  in  appropriately 

prepared  extracts 

of  rabbit 

brains  excised, 

chilled  on  ice,  end  homogenized  et  0  deg  C.  Just  before  the  extracts 
were  put  into  the  34-deg-C  PTFE  containers,  GTP  was  added  to  a  concen¬ 
tration  of  1  mM.  The  pulsed-RFR-exposures  (200  pps)  were  for  10  min  at 
an  MPD  of  90  mW/sq  cm  (430  W/l),  which  increased  the  temperature  by  7 
deg  C.  At  exposure  end,  the  specific  viscosity  of  each  sample,  defined 
as  the  ratio  of  the  difference  in  running  times  of  the  sample  and  buffer 
in  the  viscometer  to  the  running  time  of  the  buffer  was  measured  at  37 
deg  C  at  intervals  of  2  min  for  about  30  min,  and  the  specific  viscosi¬ 
ties  (X)  were  plotted  vs  time.  The  authors  noted  that  a  few  points  more 
than  10X  larger  than  their  respective  preceding  points. were  ascribable 
to  nonspecific  protein  aggregation  and  were  discarded.  A  representative 
graph  was  given,  which  showed  a  mean  specific  viscosity  of  about  5X  be¬ 
fore  exposure,  rapid  rise  to  about  38%  et  exposure  end,  and  post¬ 
exposure  viscosity  measurements  that  yielded  a  plateau  of  slightly 
negative  slope. 

Control  samples  were  similarly  treated  and  the  percentage  differences 
between  the  specific  viscosity  of  each  control  sample  and  its  paired 
exposed  sample  at  each  point  in  the  plateau  region  were  tabulated  and 
averaged.  The  differences  ranged  from  -23. 8Z  to  +20. OX,  with  a  mean 
(for  16  such  differences)  of  -4.2X  +/-  2.7X  (SE),  a  statistically 
nonsignificant  result. 

To  investigate  whether  RFR-exposure  affects  protein  transport  in  nerve 
axons  in  vitro,  10  rabbit  vagus  nerves  and  nodose  ganglia  were  incubated 
for  24  hr  in  two  PTFE  blocks,  each  block  containing  five  two-compartment 
chambers  (a  two-compartment  chamber  for  each  nerve  trunk  and  ganglion). 
The  volume  of  medium  in  each  nerve-trunk  compartment  was  0.8  ml  and  that 
in  each  ganglion  compartment  was  0.04  ml.  The  proteins  were  labeled  by 
adding  5  microcuries  of  tritiated  leucine  (58  Ci/mmole)  to  the  medium  in 
the  ganglion  compartment;  the  labeled  proteins  flowed  along  the  nerve  to 
be  accumulated  at  a  ligature  on  the  nerve. 

One  block  was  exposed  to  the  pulsed  RFR  (100  pps)  at  30  mW/sq  cm  for 
the  entire  24-hr  incubation  period,  with  the  other  as  control.  Circula- 
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ting  oil  was  used  to  hold  the  two  blocks  at  about  38.5  deg  C;  the  tem¬ 
perature  difference  between  them  was  less  than  1  deg  C.  At  the  end  of 
the  24-hr  incubation  period,  each  nerve  was  cut  into  0.5-cm  segments  and 
each  was  assayed  for  radioactive  protein.  The  radioactivity  of  each 
segment  was  normalized  to  the  total  radioactivity  of  a  4-cm  length,  to 
obtain  the  protein  profile  along  that  length.  The  value  in  the  segment 
just  before  the  ligature  was  taken  as  a  measure  of  the  protein-transport 
capability  of  the  nerve,  and  the  percentage  differences  between  control 
and  exposed  samples  were  averaged. 

In  one  of  two  experiments,  the  E-vector  of  the  RFR  was  aligned  paral¬ 
lel  to  the  nerves,  which  yielded  a  mean  difference  of  11. IX  +/-  17. 4X 
(SE).  In  the  other  experiment,  the  E-vector  was  aligned  perpendicular 
to  the  nerves;  the  resulting  protein  profile  was  similar  to  that  of  the 
first  experiment,  but  with  about  half  the  protein  accumulation.  The 
mean  difference  was  12. 5X  +/-  18.31.  The  SARs  of  the  samples  were  esti¬ 
mated  by  calculation  of  RFR-absorption  in  a  1.5-mm-thick  water  slab  to 
be  in  the  range  10-100  W/l. 

The  authors  concluded  that... "3.1  GHz  pulsed  microwave  radiation  has 
no  strong  effect  on  rabbit  brain  microtubules  in  vitro  at  power  levels 
where  other  biological  effects  have  been  reported." 

Ortner  et  al.  (1983)  indicated  that  in  a  previous  study  (Ortner  et 
al.,  1981b),  they  had  found  that  2.45-GHz  RFR  at  600  W/kg  affected  the 
secondary  structure  of  human  erythrocyte  spectrin,  a  reversible  effect, 
but  they  were  unable  to  correlate  the  effect  with  any  change  in  spectrin 
function.  Therefore,  they  sought  to  determine  whether  such  reversible 
changes  comprised  a  generalized  effect  of  RFR  on  large  macromolecular 
assemblies,  exemplified  by  microtubules. 

The  authors  noted  that  tubulin,  the  major  component  of  the  microtubu¬ 
lar  wall  is  a  6S,  110,000-dalton  protein,  and  that  under  proper  in-vitro 
conditions  (37  deg  C  in  the  presence  of  guanosine  5 ' -triphosphate ) , 
purified  tubulin  and  accessory  proteins  assemble  or  polymerize  into 
microtubules  that  are  morphologically  identical  with  those  studied  in 
vivo.  Cooling  to  4  deg  C  or  the  addition  of  Ca++  causes  the  assembled 
microtubules  to  depolymer ize  back  into  6S  tubulin  and  oligomers. 

Microtubular  protein  was  purified  from  fresh  calf  brains  by  successive 
cycles  of  polymerization  and  depolymerization  and  stored  at  -20  deg  C  in 
buffer.  The  protein  was  determined  by  the  Biuret  method  with  bovine 
serum  albumin  as  a  standard.  Tubulin  was  separated  from  the  accessory 
proteins  by  chromatography.  The  purities  of  the  raicrotubular-protein 
and  purif ied-tubul in  preparations  were  determined  by  sodium  dodecyl 
sulfate  polyacrylamide  gel  electrophoresis  (SDS-FAGE). 

Exposures  were  to  2.45-GHz  CW  RFR  at  20  or  200  W/kg.  The  sample 
chamber  was  a  quartz  cylinder  inserted  in  a  direction  of  maximum  E  field 
of  a  fluid-filled  waveguide  section.  The  waveguide  impedance  was 
matched  to  that  of  air  by  a  quarter-wave  dielectric  slab.  During 
exposure,  sample  temperature  could  be  held  at  37  deg  C  by  circulating  a 
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mixture  of  water  and  glycerol  through  a  jacket  around  the  chamber  from 
an  external  bath  kept  constant  at  38.5  deg  C.  For  exposure  at  200  W/kg, 
the  temperature  of  the  external  bath  was  set  to  35  deg  C  to  offset 
sample  heating  by  the  RFR.  Sample  temperature  could  also  be  lowered  to 
4  deg  C  within  1-2  min  by  circulating  water-glycerol  mixture  from  a  bath 
held  at  -4  deg  C,  and  the  cooling  process  could  be  reversed.  During 
exposure,  samples  were  stirred  magnetically  (with  a  stirrer  in  one  end 
of  the  cylinder  outside  the  waveguide)  and  their  temperatures  were 
monitored  continuously  with  a  nonperturbing  Vitek  probe.  SARs  were 
determined  as  described  in  Ortner  et  al.  (1981b)  from  time-temperature 
profiles  measured  under  the  same  conditions  without  temperature  control. 

To  determine  the  effects  of  RFR  on  each  of  the  three  critical  stages 
of  the  intracellular  polymerization  cycle,  experiments  were  performed  on 
scattering  of  light  from  microtubular  protein  during  exposure.  Light  at 
about  380  nm  from  a  monochrometer  was  conveyed  to  the  sample  by  a  quartz 
fiber-optic  nonf luorescent  cable  passed  through  the  waveguide  wall  and 
fastened  to  the  sample  compartment  with  a  Plexiglas  holder.  The  light 
scattered  by  the  sample  was  directed  via  a  similar  fiber-optic  cable  to 
a  photomultiplier  and  amplifier  through  a  520-nm  filter,  the  latter  to 
attenuate  the  scattered  light  sufficiently  to  remain  within  the  maximum 
sensitivity  range  of  the  instrument.  To  raise  the  signal-to-noise  ratio 
of  the  scattered  light,  the  amplifier  signal  was  also  fed  to  a  polygraph 
and  averaged  by  setting  the  high-frequency  response  to  0.08  Hz. 

In  the  light-scattering  experiments,  samples  of  depolymerized  cycle- 
purified  microtubular  protein  were  incubated  and  exposed  at  200,  20,  or 
0  W/kg  for  10  min,  during  which  sample  temperature  was  maintained  at  37 
+/-  0.3  deg  C  and  the  turbidity  was  monitored  with  the  photomultiplier 
instrumentation.  After  exposure,  polymerization  was  initiated  by  adding 
ethylene  glycol-bis  (B-amino  ethyl  ether)  tetraacetic  acid  (EGTA)  and 
guanosine  5 ' -triphosphate  (GTP),  and  turbidity  from  polymerization  was 
determined  for  12-15  min  after  initiation.  At  this  time,  the  samples 
were  cooled  to  depolymerize  them,  by  circulating  water-glycerol  mixture 
at  -4  deg  C  through  the  jacket,  and  turbidity  was  monitored. 

The  results  of  a  typical  experiment  with  a  sample  exposed  at  20  W/kg 
were  presented  graphically  in  terms  of  the  light  scattered  by  the  sample 
(in  arbitrary  units)  vs  time.  The  baseline  turbidity  (zero)  did  not 
change  during  the  10  min  of  RFR-exposure .  Turbidity  rose  essentially 
linearly  during  the  12-15  min  after  polymerization  initiation  and  fell 
to  baseline  in  about  2  min  after  cooling  was  instituted.  All  subsequent 
turbidity  measurements  were  normalized  to  the  maximum  value  attained. 

The  results  of  the  scattering  experiments  at  200,  20,  and  0  W/kg  (7-10 
runs  at  each  level)  were  exhibited  graphically  as  the  mean  normalized 
percentages  of  light  scatter  (with  SE  bars)  vs  time.  For  all  three 
levels,  a  relatively  steep  rise  in  percentage  occurred  during  the  first 
2  rain  after  the  addition  of  EGTA  and  GTP,  followed  by  a  basically  linear 
rise  at  a  slower  rate  to  maximum  (100Z)  at  12-15  min.  The  authors 
stated:  "The  data  show  that  microwave  radiation  at  power  levels  up  to 
200  mW/g  SAR  had  no  observable  effect  on  the  nucleation  or  elongation  of 


microtubules  in  vitro."  However,  the  part  of  the  200-W/kg  curve  for  the 
2-12  rain  of  slower  rise  was  slightly  above  the  corresponding  part  of  the 
20-W/kg  curve,  and  the  latter  was  slightly  above  that  for  the  O-W/kg 
curve,  but  presumably  the  differences  among  the  three  at  corresponding 
times  were  not  statistically  significant. 

Data  on  the  effect  of  exposure  at  200,  20,  and  0  W/kg  on  temperature- 
induced  depolymerization  were  presented  graphically  as  mean  normalized 
percentage  turbidities  (with  SE  bars)  vs  progressively  lower  cooling 
temperature.  All  three  curves  were  "reverse-S"  shaped,  showing  slight 
turbidity  diminution  from  100%  in  the  temperature  range  from  about  30  to 
20  deg  C  followed  by  steep  drop  to  0%  at  about  4  deg  C.  The  differences 
among  the  curves  were  minor  and  were  ascribed  to  a  difference  in  cooling 
rate  for  the  samples  exposed  at  200  V/kg. 

Circular-dichroism  spectroscopy  was  used  to  determine  the  effect  of 
RFR  on  the  secondary  structure  of  purified  tubulin  polypeptides.  For 
such  measurements  of  purified  tubulin,  a  spectropolarimeter  was  modified 
to  accept  a  similar  sample-exposure  system.  No  significant  differences 
in  optical  activity  were  found  between  purified  tubulin  exposed  at  200 
and  0  W/kg.  Moreover,  high-resolution  measurements  of  optical  activity 
in  the  region  of  aromatic  amino  acid  absorption  showed  no  RFR  effects. 

The  authors  noted  that  their  findings  extended  those  of  Paulsson  et 
al.  (1977),  in  which  no  effect  on  the  final  development  of  the  microtu¬ 
bule  elongation  process  was  observed  from  exposure  to  3.1-GHz  pulsed 
RFR.  They  noted  that  the  instrumentation  used  by  Paulsson  et  al.  (1977) 
did  not  permit  measurements  of  the  effect  of  RFR  on  the  critical  nucle- 
ation  phase  of  polymerization,  depolymerization,  or  elongation  rate. 

Citing  appropriate  references,  the  authors  stated:  "In  vivo,  microtu¬ 
bule  assembly  and  disassembly  occur  at  precise  times  in  the  cellular  re¬ 
productive  cycle,  and  it  has  been  suggested  that  the  dynamic  exchange  of 
subunits  on  and  off  microtubules  may  influence  the  movement  of  chromo¬ 
somes  during  mitosis.  Microtubule-tubulin  dynamics  are  also  important 
in  axonal  transport,  and  the  extremely  high  concentration  of  microtubu¬ 
lar  protein  in  the  brain  strongly  implicates  microtubules  in  nervous- 
system  function.  Microwave  radiation  has  been  shown  in  vivo  to  affect 
many  biological  functions  that  may  involve  microtubule  dynamics  as  out¬ 
lined  above."  However,  they  then  stated: 

"The  entire  process  (of  polymerization  and  depolyraerization]  appears 
to  be  unaffected  by  microwave  field  intensities  high  enough  to  increase 
the  ambient  temperature  (from  34  to  37  deg  C).  This  would  indicate  that 
the  energy  deposited  within  the  sample  chamber  was  sufficient  to  affect 
the  solvent  water  and  possibly  protein-bound  water  molecules.  Since  the 
association  of  tubulin  molecules  to  form  the  microtubule  wall  involves  a 
loss  of  'bound'  water,  it  might  be  expected  that  microwave  radiation 
could  influence  polymerization  or  perhaps  the  critical  protein  concen¬ 
tration  required  to  support  polymerization.  However,  we  also  found  that 
the  critical  protein  concentration  needed  for  polymerization  was  un¬ 
changed  by  irradiation."  They  then  concluded  that:  "A  molecular  basis 
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for  the  reported  effects  of  microwave  radiation  on  biological  systems 
will  probably,  therefore,  be  found  in  some  other  aspect  of  cellular 
physiology. " 

The  negative  results  of  this  investigation  and  the  conclusions  of  the 
authors  appear  to  be  correct.  However,  this  in-vitro  study  was  done  on 
extracted  microtubule  samples  in  the  absence  of  cell  membranes  and  their 
interactions  with  intracellular  and  extracellular  components,  so  the 
relevance  of  the  findings  (though  negative)  to  effects  of  RFR  on  intact 
cells  is  open  to  question.  Moreover,  others  (notably  Adey,  1981,  cited 
in  this  paper)  have  reported  that  direct  effects  of  RFR  fields  on  cells 
can  and  does  occur  at  the  membrane  level.  If  feasible,  it  would  be 
interesting  to  seek  possible  effects  of  RFR  exposure  on  microtubules  in 
intact  cells  suspended  in  appropriate  media. 

Seaman  and  Wachtel  (1978)  determined  the  SARs  necessary  to  alter  the 
firing  rates  of  individual  pacemaker  neurons  in  the  abdominal  ganglion 
of  Aplysia  californica.  After  removal  from  an  Aplysia,  each  ganglion 
was  placed  in  artificial  seawater  at  room  temperature  (21-26  deg  C) 
within  a  small  acrylic  chamber  having  a  wax  base.  Cactus  needles  were 
used  to  attach  the  ganglion  to  the  center  of  the  base.  The  chamber  was 
then  placed  between  the  center  conductor  and  outer  ground  conductor  of  a 
rectangular  stripline  transmission  section,  which  was  inserted  in  a 
coaxial  cable  terminated  with  a  shorted  stub.  A  bidirectional  coupler 
between  the  source  and  stripline  section  was  used  to  measure  forward  and 
reflected  average  powers.  Small  holes  in  the  narrow  (ground)  walls  of 
the  stripline  section  permitted  transillumination  and  viewing  of  the 
specimen  and  insertion  of  glass  microelectrodes  (filled  with  2.5  molar 
KC1)  transverse  to  the  electric  field  for  intracellular  recordings.  For 
altering  specimen  temperatures  in  the  absence  of  RFR,  warm  or  cold  water 
was  drawn  through  an  enclosed  volume  surrounding  the  specimen. 

Both  CW  and  pulsed-wave  (PW)  RFR  at  1.5  or  2.45  GHz  were  used.  Pulse 
durations  ranged  from  0.5  to  10  microseconds,  at  repetition  rates  from 
1000  to  5000  pps,  respectively.  The  pulse  rise  times  were  less  than  0.1 
microsecond.  A  coaxial  switch  permitted  application  of  the  RFR  (and 
removal)  within  a  few  milliseconds.  The  determination  of  SARs  in  such 
preparations  at  each  frequency  was  described  in  Wachtel  et  al.  (1975), 
in  which  the  authors  noted  that  the  volume  occupied  by  the  ganglion  and 
seawater  in  different  chambers  ranged  from  0.3  to  0.8  cc.  The  net  RFR 
power  absorbed  by  the  volume  was  calculated  from  the  stripline  geometry, 
the  input  power,  and  the  reflection  and  attenuation  characteristics  of 
the  volume.  The  results  were  verified  (within  a  factor  of  about  2)  by 
measurement  of  temperature  rises  in  specimens. 

The  beating-pacemaker  neuron  in  the  abdominal  ganglion  of  Aplysia  was 
selected  for  study  because  it  produces  action  potentials  at  very  regular 
rates  with  little  or  no  synaptic  input  and  because  the  effects  on  single 
neurons  could  be  studied.  The  firing  rate  was  measured  in  terms  of  the 
interspike  interval  (ISI)  recorded  on  a  strip  chart  together  with  the 
transmembrane  potential.  After  stability  in  transmembrane  potential  and 
ISI  was  achieved  in  each  preparation,  successively  higher  levels  of  RFR 
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were  applied  for  2-3  min  at  each  level,  but  the  RFR  was  removed  earlier 
if  the  neuron  stopped  firing. 

In  the  lower  range  of  SARs  that  yielded  effects,  firing  rates  changed 
after  the  onset  of  the  RFR  and  attained  new  stable  rates  with  a  time 
constant  of  about  1  min.  At  higher  SARs,  the  changes  occurred  earlier 
during  the  exposure  period.  For  46X  of  the  neurons  studied,  RFR  at 
effective  SARs  reduced  the  firing  rate  consistently  (for  100X  of  the 
exposures).  For  the  other  54X  of  the  neurons,  effective  SARs  reduced 
the  rate  for  79X  of  the  exposures,  but  increased  the  rate  for  others. 

For  the  entire  population  of  beating-pacemaker  neurons,  87X  of  responses 
were  firing-rate  reductions.  No  obvious  correspondence  was  seen  between 
the  direction  of  change  and  SAR,  frequency,  or  modulation  for  any  single 
neuron  or  for  the  population  in  general.  For  all  the  beating-pacemaker 
neurons,  post-RFR  firing  rates  returned  to  pre-RFR  rates  after  1-2  min. 

A  representative  example  was  presented  in  Fig.  1  of  the  paper  for  a 
beating-pacemaker  neuron  exposed  to  1 . 5-GHz  CW  RFR  at  SARs  of  5.7,  7.1, 
and  25.5  W/kg.  No  change  in  peak  spike  potential  was  evident  at  each 
SAR  or  with  change  in  SAR.  At  5.7  W/kg,  there  were  also  no  discernible 
changes  in  ISI.  At  7.1  W/kg,  however,  a  rise  in  ISI  was  evident  shortly 
after  the  onset  of  the  RFR;  at  25.5  W/kg,  the  rise  was  much  faster  and 
higher.  The  authors  noted  that  the  firing-rate  decreases  of  this  neuron 
occurred  in  10  of  11  responses  to  the  RFR. 

The  dose-dependence  of  the  effect  on  this  neuron  was  shown  for  SARs  up 
to  about  69  W/kg.  At  each  SAR,  the  average  firing  rate  in  the  interval 
10  to  20  seconds  after  the  onset  of  RFR  was  normalized  to  the  average 
for  the  four  action  potentials  just  before  exposure  and  the  ratio  was 
plotted  vs  SAR.  At  low  SARs,  the  normalized  firing  rates  were  basically 
unity.  A  least-squares  linear-regression  fit  to  the  data  for  the  seven 
largest  SARs  was  drawn.  This  procedure  was  also  used  for  the  interval 
20  to  30  seconds  after  RFR  onset.  For  the  interval  10-20  seconds,  the 
regression  value  at  69  W/kg  was  about  0.6.  For  the  interval  20-30 
seconds,  the  decrease  in  normalized  rate  was  much  steeper:  to  about  0.5 
at  40  W/kg  and  to  0  at  69  W/kg. 

The  lowest  SARs  that  caused  changes  in  slow  firing  rate  were  deter¬ 
mined  for  39  neurons  from  29  ganglia.  The  result  for  the  neuron  dis¬ 
cussed  above  was  7  W/kg;  no  other  values  were  given. 


In  addition  to  the  slow  ISI  changes,  rapid  changes  were  observed  in  8 
neurons  from  8  different  ganglia.  A  rapid  ISI  change  was  defined  as  a 
firing-rate  increase  within  one  ISI  of  RFR  onset,  i.e.,  the  occurrence 
of  an  ISI  during  or  just  after  the  onset  of  RFR  that  was  shorter  than 
the  pre-RFR  ISI.  Within  25  seconds  of  the  firing-rate  increase  in  these 
neurons,  the  rate  gradually  decreased  until  it  attained  nearly  the  pre- 
RFR  value.  The  largest  rapid  change  was  for  a  neuron  that  responded 
uniquely  with  two  separate  rate  increases  when  it  was  exposed  to  0.5- 
microsecond  pulses,  5000  pps,  of  1 . 5-GHz  RFR  at  peak  and  average  SARs  of 
400  and  1  W/kg.  The  recording  presented  for  this  neuron  showed  a  step 
decrease  in  ISI  to  a  plateau  for  the  first  few  seconds  after  RFR  onset, 
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at  which  time  a  sudden  additional  ISI  decrease  occurred,  followed  by  a 
gradual  return  toward  pre-RFR  level.  The  mean  SAR,  1  W/kg,  was  smaller 
than  any  of  the  threshold  values  for  the  slow  firing-rate  changes  and 
was  also  the  lowest  value  for  all  rapid  changes. 

The  authors  stated:  "Rapid  changes  in  firing  rate  were  seen  for  2.45 
GHz  CW  and  PW  and  for  1.5  GHz  PW.  Although  the  sparse  data  on  this  re¬ 
sponse  prevented  a  systematic  analysis,  it  seemed  that  the  rapid  change 
was  better  defined  for  PW  than  for  CW  radiation.  The  rapid  changes  also 
tended  to  occur  at  smaller  averaged  SARs  for  PW  radiation."  They  also 
noted  that  two  neurons  showed  a  decrease  in  firing  rate  at  termination 
of  RFR.  A  recording  for  one  of  these  neurons  exhibited  the  firing-rate 
decrease  on  cessation  of  1.5-GHz  CW  RFR  at  8.4  W/kg. 

The  authors  suggested  that  a  possible  mechanism  for  firing-rate 
changes  in  beating  pacemakers  during  RFR  exposure  is  the  consequent 
temperature  increase  of  the  preparation.  This  hypothesis  was  tested  by 
comparing  the  responses  of  29  neurons  to  heating  by  RFR  and  by  convec¬ 
tion.  The  temperature  time  courses  and  increments  were  matched.  The 
firing-rate  changes  with  heating  (presumably  by  either  method)  were 
slow,  requiring  30  to  60  seconds  to  reach  steady  state.  In  this  neuron 
subpopulation,  94X  of  the  changes  were  reductions  in  firing  rate  and  621 
of  the  cells  responded  similarly  to  RFR-  and  convection  heating.  The 
authors  noted,  however,  that  in  the  preliminary  study  (Wachtel  et  al., 
1975),  "the  slow  responses  of  some  cells  to  microwave  radiation  did  not 
always  duplicate  those  to  conventional  heating.  No  rapid  changes  in 
firing  rate  were  seen  when  cells  were  warmed  or  cooled  by  convection." 

They  also  suggested  that  direct  interaction  of  RFR  with  the  neurons  is 
another  possible  mechanism,  and  displayed  a  representative  example  of 
the  firing  rates  of  a  neuron  during  successive  intervals  of  injection  of 
2,  3,  and  2  nA  of  depolarizing  current.  The  record  exhibited  a  higher 
firing  rate  during  the  3-nA  interval  than  the  preceding  or  subsequent  2- 
nA  interval,  but  no  significant  change  in  spike  amplitude.  They  stated: 
"These  rapid  changes,  each  of  which  adapts  to  an  intermediate  value, 
resemble  those  seen  at  the  onset  and  termination  of  irradiations. 
Microwave  radiation  produced  the  same  effect  as  an  increase  in 
depolarizing  current." 

The  other  type  of  neuron  selected  for  study  was  the  bursting-pacemaker 
cell  in  the  abdominal  ganglion  of  Aplysia.  These  neurons  produce  action 
potentials  in  bursts  coincident  with  an  endogenous,  depolarizing  slow- 
wave  potential.  Their  otherwise  highly  regular  interburst  intervals 
(IBIs)  can  be  modulated  by  synaptic  input  from  other  neurons  in  the 
ganglion.  Only  bursting  pacemakers  without  synaptic  potentials  were 
studied,  to  help  ensure  that  observed  effects  were  occurring  in  single 
neurons.  Also,  the  bursting  pacemakers  were  required  to  exhibit  regular 
IBIs,  either  spontaneously  or  when  injected  with  a  small  depolarizing 
current,  criteria  that  were  met  by  about  20X  of  the  neurons  tested. 
Bursting  and  beating  pacemakers  were  often  studied  in  the  same  ganglion. 

The  exposure  procedure  used  was  similar  to  that  for  beating  pace- 


makers,  and  smallest  effective  SARs  were  determined.  Representative 
responses  of  a  bursting  pacemaker  to  7.3,  16.0  and  21.6  W/kg  were 
exhibited  in  Fig.  4  of  the  paper,  a  low-resolution  reproduction  that 
displayed  bursts  as  thick  spikes.  At  each  level,  there  were  minor 
variations  (increases  and  decreases)  of  IBI  apparently  not  associated 
with  the  RFR.  Exposure  at  7.3  W/kg  had  no  apparent  effect;  the  IBIs, 
which  ranged  from  10.4  to  12.3  seconds  during  the  entire  pre-RFR  and 
exposure  time  interval  shown  (about  2  min),  exhibited  no  discernible 
RFR-induced  differences.  The  bursts  at  16.0  W/kg  were  of  longer 
duration  (thicker)  than  those  before  exposure  (which  were  comparable  to 
those  at  7.3  W/kg),  and  the  mean  IBI  after  onset  of  RFR  was  smaller  than 
before  onset.  The  pre-RFR  range  of  IBIs  was  8. 2-8. 7  seconds,  but  the 
IBI  range  during  exposure  could  not  be  discerned  from  the  figure  because 
of  the  longer  durations  of  the  bursts.  At  21.6  W/kg,  the  burst  dura¬ 
tions  before  and  during  exposure  were  like  those  at  7.3  W/kg;  however, 
the  pre-RFR  IBIs  ranged  from  11.0  to  12.1  seconds,  whereas  the  range 
during  exposure  was  7.2  to  11.2  seconds,  a  clear  reduction  of  mean  IBI. 

The  smallest  effective  SARs  were  determined  for  16  bursting  pacemakers 
from  12  ganglia.  The  authors  noted  that  the  post-RFR  IBI  did  not  always 
return  to  the  pre-RFR  value  after  2-3  min  of  exposure.  They  also  stated 
that  all  these  pacemakers  exhibited  a  slow,  graded  response  (exemplified 
in  Fig.  4),  but  that'  the  direction  of  change  was  not  the  same  for  all 
cells;  7  cells  showed  decreased  IBIs,  3  cells  showed  increased  IBIs,  and 
the  IBIs  of  the  other  6  showed  changes  in  both  directions.  For  cells 
exhibiting  increased  IBIs,  the  cells  would  stop  firing  at  sufficient  SAR 
and  duration,  as  evidenced  by  steady  hyperpolarized  membrane  potentials. 
As  noted  in  the  previous  study  (Wachtel  et  al . ,  1975),  the  responses  of 
a  given  cell  to  convective  warming  were  not  always  in  the  same  direction 
as  the  RFR  responses  of  that  cell,  again  suggesting  more  than  a  simple 
heating  effect. 

Some  bursting  pacemakers  exhibited  phasic  responses  at  the  onset  or 
termination  of  RFR.  For  3  cells  that  yielded  a  smaller  IBI-steady-state 
response  to  RFR,  the  IBI  at  the  onset  of  RFR  was  longer  than  the  IBI 
just  before  or  after,  a  type  of  response  that  was  seen  occasionally  with 
convection  heating.  For  2  cells,  the  IBI  at  RFR  termination  was  shorter 
than  the  IBIs  immediately  preceding  and  following  termination,  a  type  of 
response  not  seen  wi  h  convection  cooling.  Phasic  responses  occurred 
during  exposure  to  1.5-  and  2.45-GHz  CW  RFR  at  SARs  from  7  to  291  W/kg. 

Bursting-pacemaker  IBIs  also  were  sensitive  to  injected  currents: 

"The  change  in  IBI  as  a  result  of  an  increase  in  injected  hyperpolariz- 
ing  current  resembled  the  phasic  increase  of  IBI  that  occurred  at  the 
onset  of  irradiation.  Also,  a  decrease  in  hyperpolarizing  current 
caused  a  phasic  decrease  of  IBI  similar  to  that  which  occurred  at  the 
termination  of  irradiation.  Thus,  microwave  energy  seemed  to  act  in  the 
same  way  as  an  injected  hyperpolarizing  current." 

The  results  for  the  39  beating-pacemaker  and  16  bursting-pacemaker 
neurons  were  summarized  in  the  form  of  histograms  of  the  frequency 
distributions  of  the  smallest  SARs  that  caused  slow  changes  in  firing 


patterns.  The  data  for  CW  and  pulsed  RFR  at  both  RFR  frequencies  were 
merged,  since  no  difference  in  effectiveness  was  seen  among  them.  The 
combined  histogram  for  both  kinds  of  neurons  showed  a  rough  resemblance 
to  a  normal  distribution.  The  histogram  values  were  then  plotted  as  the 
percentage  of  neurons  that  responded  at  a  given  or  smaller  value  of  SAR 
(cumulative  percent  responses)  on  a  probability  scale  vs  the  smallest 
effective  SARs  on  a  logarithmic  scale.  The  data  fitted  a  straight  line 
with  only  small  deviations.  The  lower  and  upper  ends  of  the  line  showed 
that  IX  of  the  55  neurons  responded  to  about  2  W/kg  and  99X  of  the 
neurons  responded  to  about  100  V/kg;  the  median  SAR  (50X)  was  14.5  V/kg. 
The  authors  stated:  "The  proximity  of  the  data  points  to  a  straight 
line  indicated  that  the  distribution  of  smallest  effective  SARs  can  be 
represented  by  a  log-normal  distribution.” 

The  authors  noted  that  spontaneous  firing  rates  of  nonpacemaker 
neurons  in  the  abdominal  ganglion  were  affected  (increased  slightly) 
only  for  SARs  greater  than  about  50  V/kg,  but  over  90X  of  the  pacemaker 
neurons  were  affected  at  this  SAR,  an  indication  of  the  higher  sensitiv¬ 
ity  of  pacemaker  neurons  to  RFR. 

In  considering  their  findings,  the  authors  suggested  that  the  slow 
responses  of  pacemaker  neurons  to  RFR  were  largely  thermally  induced 
because  the  responses  had  followed  time  courses  similar  to  those  due  to 
specimen-temperature  rises  and  that  the  responses  depended  on  average 
SAR  (with  a  thermal  sensitivity  of  0.02  deg  C  per  W/kg)  and  not  on  the 
RFR  frequency  or  modulation.  However,  they  stated:  "On  the  other  hand, 
that  a  slow  response  was  not  always  duplicated  by  identical  irradiations 
and  that  irradiation  did  not  always  elicit  the  same  response  that  was 
elicited  by  thermal  stimulation  weaken  the  argument  for  a  purely  thermal 
interaction."  This  point  is  open  to  question,  because  unlike  convective 
heating,  in  which  heat  is  transferred  into  the  specimen-seawater  volume 
via  the  surface  of  the  volume,  RFR  penetration  into  the  volume  at  the 
two  frequencies  used  would  yield  significant  internal  heating,  and  the 
heating  patterns  by  the  two  modes  would  not  be  similar.  In  addition, 
although  presumably  the  ambient  temperature  (ranging  from  21  to  26  deg 
C)  remained  basically  constant  during  each  RFR  exposure,  it  is  not  clear 
that  it  had  the  same  value  for  all  the  RFR  exposures  (during  which  no 
convective  fluid  was  used). 

The  authors  also  stated:  "The  rapid  changes  seen  in  beating  pacemakers 
and  some  of  the  phasic  responses  seen  in  bursting  pacemakers  cannot  be 
readily  attributed  to  a  thermal  mechanism.  These  responses  took  place 
much  faster  than  the  increase  in  temperature  of  the  preparation.  This 
was  more  obvious  for  beating  pacemakers,  probably  because  the  ISI  pro¬ 
vided  finer  resolution  of  time  than  did  the  IBI.  Both  the  rapid  and 
phasic  changes  were  in  a  direction  opposite  to  the  majority  of  slow 
changes,  which  followed  temperature.  In  addition,  no  rapid  responses 
were  observed  when  temperature  was  similarly  increased  by  convective 
means.  One  mechanism  that  could  explain  the  rapid  changes  is  a  direct 
action  of  the  electromagnetic  field  on  the  neuron .. .There  also  exists 
the  possibility  that  the  pacemakers  were  sensitive  in  some  way  to  the 
mechanical  energy  created  by  the  absorbed  microwave  energy... In  our 


591 


study,  rapid  on-  and  off-incident  energy  occurred  during  PW  radiation 
and  for  the  onsets  and  terminations  of  irradiations,  all  being  occur¬ 
rences  for  which  rapid  changes  seemed  to  be  enhanced.  However,  it  still 
remains  to  be  determined  whether  pacemakers  of  Aplysia  can  detect  small 
shock  waves."  These  points  were  logical,  but  require  experimental 
verification. 

Also  considered  was  that  the  rapid  responses  resulted  from  RFR- induced 
currents  in  the  neuron.  However,  they  noted  that  their  experimental 
results  were  in  conflict  with  this  hypothesis:  "In  their  rapid 
responses,  beating  pacemakers  always  responded  as  if  to  a  depolarizing 
current;  the  bursting  pacemakers,  always  as  if  to  a  hyperpolarizing 
current.  We  cannot  easily  explain  these  opposite  effects  in  terms  of 
induced  currents  since  we  would  expect  that  induced  current  would  flow 
in  one  direction  (equivalent  DC)  so  that  the  responses  of  all  cells 
would  mimic  the  responses  to  one  polarity  of  injected  current." 

Perhaps  insufficiently  considered  were  the  response  variations  among 
specimens  due  to  uncontrolled  non-RFR  factors  and  those  by  individual 
specimens  at  various  times.  Exemplifying  the  latter  point  were  the 
results  for  the  bursting  pacemaker  exposed  at  7.3,  16.0,  and  21.6  W/kg 
(discussed  above);  the  pre-RFR  IBIs  for  the  intermediate  SAR  (range  8.2- 
8.7  seconds)  were  much  shorter  than  the  IBIs  for  7.3  W/kg  (range  10.4- 
12.3  seconds)  and  the  pre-RFR  IBIs  for  21.6  W/kg  (11.0-12.1  seconds). 

In  tests  by  the  authors,  use  of  glass  microelectrodes  filled  with  2.5- 
M  KC1  yielded  less  than  0.01  nA  on  RFR-exposure ,  lower  than  that  re¬ 
quired  to  cause  measurable  changes  in  the  firing  rp  :es  of  pacemaker 
neurons.  Nevertheless,  possible  electrode  artifact  may  not  be  ruled  out 
entirely,  because  Yee  et  al.  (1984)  demonstrated  that  3-M  KC1  electrodes 
produced  artifactual  responses  in  the  beating  rate  of  the  isolated  frog 
heart  during  exposure  to  2.45-GHz  RFR  at  8.55  W/kg. 

In  various  studies,  Pickard  and  coworkers  sought  effects  of  RFR  on 
giant  cells  (about  10  mm  long)  isolated  from  Characean  algae.  In  one 
study,  Pickard  and  Barsoum  (1981)  investigated  electrophysiological 
responses  to  RFR  of  such  cells.  In  that  paper,  the  theory  underlying 
the  approach  used  and  the  experimental  results  obtained  with  a  specially 
devised  RF  microstrip  exposure  apparatus  were  discussed. 

In  brief,  the  theory  indicates  that  for  a  cell  exposed  to  RFR,  the 
electric  component  of  the  RFR  normal  to  the  plasma  membrane  produces  an 
RF  voltage  gradient  that  modifies  the  current  flow  across  the  membrane, 
and  that  the  effect  would  be  especially  prominent  for  a  long  cylindrical 
cell  with  its  axis  normal  to  the  electric  vector.  Also,  if  the  current- 
vs-voltage  relationship  of  the  membrane  is  nonlinear  (rectifying),  the 
modified  flow  of  current  should  alter  the  quantity  of  charge  on  the 
membrane  capacitance  and  thus  shift  the  cell's  resting  potential.  The 
steady-state  limits  of  this  resting-potential  offset  (for  cases  where 
the  transit  time  of  the  charge  carriers  across  the  membrane  is  much 
smaller  than  the  oscillation  period  of  the  RFR)  were  quantitatively 
predicted  by  Barnes  and  Hu  (1977)  and  by  Pickard  and  Rosenbaum  (1978), 


who  characterized  such  direct  rectification  as  a  nontherraal  effect. 

The  theory  also  covers  conditions  for  which  transit  time  is  comparable 
to  the  oscillation  period  of  the  RFR.  In  particular,  the  rectification 
efficiency  should  decrease  with  increasing  RFR  frequency,  and  Pickard 
and  Rosenbaum  (1978)  indicated  that  estimated  membrane  transit  times  of 
about  50  nanoseconds  or  longer  would  yield  an  upper  frequency  limit  for 
rectification  near  10  MHz. 

Accordingly,  Pickard  and  Barsoum  (1981)  exposed  single  Characean  cells 
(Chara  braumii  and  Nitella  flexilis)  to  rectangular  pulses  of  RFR  having 
carrier  frequencies  in  the  range  0.25-50  MHz.  Pulse  duration  was  varied 
from  roughly  10  microseconds  to  more  than  10  seconds  but  was  typically 
250  ms.  Pulse  delivery  was  one  every  6.3  seconds  in  synchrony  with  the 
60-Hz  power-line  frequency  to  reduce  interference  from  that  source. 

For  exposure,  the  cell  was  mounted  within  the  microstrip  in  a  channel 
through  which  flowed  electrogenic  artificial  pond  water  (EAPW)  held  at 
constant  temperature.  The  upstream  end  of  the  cell  was  placed  under  the 
center  conductor  of  the  microstrip;  its  other  end  was  either  impaled  by 
a  pipette  (agar-KCl)  2-4  mm  downstream  (beyond  the  center  conductor)  for 
recording  intracellular  potential  or  in  light  contact  with  the  pipette 
shank  for  recording  extracellular  potential.  The  reference  pipette  was 
placed  upstream  from  the  center  conductor  at  about  the  same  distance  as 
the  signal  pipette,  and  recordings  were  taken  differentially  from  the 
two  pipettes  to  reduce  60-Hz  interference.  Other  provisions  were  also 
made  to  minimize  60-Hz  pickup  and  to  maximize  the  signal-to-noise  ratio. 

Sought  first  were  possible  sources  of  artifact  that  mimic  cell-poten¬ 
tial  offsets.  Slight  frequency-dependent  nonlinearities  were  found  in 
two  of  the  amplifiers,  which  caused  weak  rectification  of  the  RF  and 
yielded  artifactual  offsets;  this  problem  was  resolved  by  addition  of  a 
filter.  Also  found  was  that  the  raicrostrip  silver  electrodes  rectify 
weakly  if  they  become  corroded.  Therefore,  they  were  kept  scrupulously 
clean. 

The  authors  noted  that  only  part  of  the  cell  is  exposed  to  the  RF 
field  in  their  apparatus,  yielding  a  rectified  current  injected  only 
across  that  part  of  the  cell  membrane.  Thus,  the  closed  loop  of  current 
flow  crosses  the  cell  membrane  in  the  exposure  region,  flows  intracel- 
lularly  out  of  the  exposure  region,  crosses  the  cell  membrane  again  out¬ 
side  the  exposure  region,  and  flows  extracellularly  back  to  the  starting 
region.  With  an  extracellular  medium  of  low  electrical  conductivity, 
the  current  flow  should  produce  detectable  extracellular  voltage  off¬ 
sets.  Theory  predicts  that  the  voltage  offsets  should  be  directly  pro¬ 
portional  to  the  square  of  the  applied  raicrostrip  voltage  and  inversely 
proportional  to  the  square  of  the  frequency. 

Such  behavior  was  verified  experimentally:  A  log-log  plot  of  normal¬ 
ized  extracellular  offset  vs  microstrip  voltage  (at  1  MHz)  was  linear, 
with  a  mean  slope  of  +2.00  for  Chara  and  1.94  for  Nitella.  In  addition, 
a  log-log  plot  of  normalized  extracellular  offset  vs  frequency  over  the 
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range  0.1-1  MHz  (at  a  microstrip  voltage  of  10  V  rras)  for  Chara  was 
linear  with  a  mean  slope  of  -1.95,  also  consonant  with  the  theory; 
however,  the  mean  slope  of  a  similar  plot  for  Nitella  was  -1.54,  which 
was  noted  by  the  authors  as  an  unexplained  anomaly.  No  variations  of 
time  constant  with  voltage  or  frequency  were  found. 

In  discussing  intracellular  results,  the  authors  divided  Characean 
cells  into  two  categories:  those  that  have  resting  potentials  more  nega¬ 
tive  than  -125  mV,  indicative  of  a  significant  active-transport  compon¬ 
ent  and  therefore  designated  by  them  "electrogenic , "  and  those  having 
resting  potentials  less  negative  than  -90  mV,  denoted  as  "nonelectrogen- 
ic."  The  results  presented  were  primarily  on  nonelectrogenic  cells. 

Log-log  plots  of  normalized  intracellular  offset  vs  microstrip  voltage 
were  also  linear,  with  mean  slopes  of  1.99  and  1.95  respectively  for 
Chara  and  Nitella.  The  frequency  plots  over  the  range  up  to  about  4  MHz 
yielded  slopes  of  about  -2;  in  the  approximate  range  4-10  MHz,  the  data 
scatter  was  much  larger,  with  the  mean  slope  gradually  becoming  more 
negative;  at  10  MHz,  the  relative  offset  had  diminished  to  about  0.002, 
and  no  offset  was  detected  in  the  range  15-50  MHz,  in  consonance  with 
the  theory. 

Also  displayed  were  representative  intracellular-offset  responses  of  a 
Chara  cell  (of  resting  potential  -  82  mV)  to  250-ms  pulses  of  1,  2,  and 
20  MHz  at  a  microstrip  voltage  of  10  V  rms.  At  1  MHz,  the  negative¬ 
going  intracellular  offset  voltage  attained  a  maximum  of  about  -0.9  mV 
within  about  40  ms  and  diminished  slowly  (small  positive  slope)  during 
the  rest  of  the  pulse.  At  2  MHz,  the  maximum  was  about  -0.3  mV,  reached 
within  about  150  ms,  but  the  offset  did  not  change  during  the  rest  of 
the  pulse  (zero  slope).  At  20  MHz,  however,  to  which  no  response  should 
have  been  obtained,  a  very  small  and  gradual  change  in  offset  during  the 
pulse  to  a  maximum  of  about  -0.02  mV  (negative  slope)  was  evident. 

The  ramp  of  negative  slope  was  characterized  by  the  authors  as  a  ther¬ 
mal  effect  on  the  basis  that  if  the  effect  is  thermal,  the  slope  should 
be  proportional  to  the  square  of  the  microstrip  voltage;  this  conjecture 
was  confirmed  experimentally  by  a  log-log  plot  of  slope  (normalized  at 
10  MHz)  vs  microstrip  voltage  that  was  linear  with  a  slope  of  2.  The 
authors  then  suggested  that  the  offset  response  of  the  cell  is  a  linear 
combination  of  a  hyperpolar izing  step  and  a  hyperpolarizing  ramp,  with 
the  former  dominating  the  latter  in  the  lower  frequency  range  (less  than 
about  10  MHz)  and  conversely  for  higher  frequencies. 

The  connection  between  extracellular  and  intracellular  responses  was 
investigated  by  clipping  the  end  off  the  cell  during  recording  of  the 
extracellular  offset.  Elimination  of  the  voltage  drop  across  the  cell 
membrane  in  this  manner  immediately  raised  the  extracellular  offset 
toward  the  intracellular  level,  but  the  offset  decayed  to  zero  within  a 
few  minutes,  presumably  indicating  membrane  death  and  disorganization. 

In  one  of  two  subsequent  studies,  Barsoum  and  Pickard  (1982a)  exposed 
single  Chara  and  Nitella  cells  to  RFR  pulses  in  the  frequency  range  20- 


300  MHz  at  elactric  field  strengths  up  to  6250  V/ra  and  reported  that  the 
only  effect  observed  was  the  thermally  induced  hyperpolarization  ramp 
and  that  the  slope  of  the  ramp  increased  with  increasing  frequency.  In 
the  other  study,  Barsoum  and  Pickard  (1982b)  used  the  frequency  range 
200-8200  MHz  at  a  nominal  power  density  of  10  mV/sq  cm,  determined  by 
dividing  the  forward  power  in  the  channel  region  of  the  microstrip  by 
the  area  of  the  microstrip.  At  this  power  level,  no  offsets  were  seen. 
At  much  higher  power  levels,  the  hyperpolarization  ramp  could  be  seen 
but  not  measured  accurately.  The  ramp  appeared  to  decay  beyond  500  MHz 
and  to  be  absent  at  about  950  MHz  and  higher. 

Brunkard  and  Pickard  (1984),  prompted  by  the  studies  of  the  calcium- 
efflux  phenomenon  (Section  3.4.4),  sought  effects  of  amplitude-modulated 
147-MHz  RFR  on  the  electrophysiological  responses  of  Chara  and  Nitella 
cells.  They  noted  that  because  there  was  no  obvious  way  of  predicting 
what  combinations  of  power  level  and  modulation  frequency  would  yield  a 
response,  they  undertook  a  blind  search  in  a  pattern  of  exposures  to 
147-MHz  RFR  consisting  of  discrete  power  densities  in  the  range  0.2-100 
mW/sq  cm  amplitude-modulated  (901)  at  16  Hz  and  a  fixed  power  density  of 
10  mW/sq  cm  amplitude-modulated  at  discrete  frequencies  in  the  range  4- 
64  Hz.  Modulation-synchronized  components  of  vacuolar  resting  potential 
were  sought  by  phase-sensitive  detection.  The  authors  noted  that  the 
resolution  of  their  system  was  about  1  part  in  a  million  and  that  since 
the  resting  potential  is  of  the  order  of  100  mV,  responses  at  the  100  nV 
level  should  have  been  obvious. 

The  results  were  displayed  as  plots  of  synchronized  displacement  vs 
power  density  and  vs  modulation  frequency  (showing  the  discrete  values 
of  each  used).  Each  data  point  was  the  mean  for  3-5  cells.  For  each 
combination  of  conditions,  there  were  both  positive  and  negative  mean 
displacements.  No  statistical  treatment  of  the  data  was  presented,  but 
presumably  the  scatter  of  points  about  the  zero  displacement  line  in 
each  plot  yielded  a  mean  that  did  not  differ  significantly  from  zero, 
representing  no  membrane-potential  changes.  The  authors  qualified  their 
results  with  the  following:  "Although  no  response  to  amplitude  modulated 
147-MHz  radiation  was  detected  in  this  study,  it  cannot  be  concluded 
definitely  that  there  is  no  effect  in  Characean  cells  analogous  to  the 
effects  observed  in  other  tissues." 

3.8.2  CONCLUSIONS 

Many  of  the  early  studies  on  microorganisms,  notably  those  of  Webb  and 
coworkers,  yielded  results  that  were  taken  as  evidence  of  nonthermal 
effects  of  RFR,  and  therefore  created  considerable  controversy.  The 
existence  of  resonances  in  the  subrail 1 imeter-wave  region  was  postulated 
on  theoretical  grounds,  and  a  number  of  studies  were  performed  that 
apparently  confirmed  that  hypothesis.  Later  studies,  however,  in  which 
subsequently  developed  more  sophisticated  techniques  were  used  in  both 
the  engineering  and  biological  aspects  and  the  presence  of  artifacts  was 
reduced  significantly,  yielded  results  that  did  not  confirm  the  earlier 
findings  of  resonances  or  other  indications  of  nonthermal  effects.  In 
addition,  the  effects  of  RFR  on  giant  algal  cells  found  by  Pickard  and 

595 


!  v  jvr«  r*  “ 


coworkers  were  thermally  Induced.  On  the  other  hand,  the  resonances  in 
the  range  2-9  GHz  reported  recently  for  DNA  molecules  of  substantially 
uniform  length  in  aqueous  solution,  derived  from  E.  coli,  are  indicative 
of  direct  action  of  RFR  with  such  molecules,  but  the  effect  is  evidently 
damped  out  for  intact  DNA  within  cells. 

The  effects  of  exposure  of  mammalian  cells  and  constituents  thereof  to 
RFR  in  vitro  were  also  studied,  mostly  at  SARs  higher  than  4  W/kg  (the 
basis  of  the  1982  ANSI  exposure  standard).  As  would  be  expected  at  such 
SARs,  the  effects  reported  were  associated  with  temperature  changes. 

In  general,  research  on  possible  effects  of  RFR  on  microorganisms  or 
of  in-vitro  exposure  to  RFR  of  cells  derived  from  macroorganisms  appears 
to  be  useful  toward  eliciting  possible  mechanisms  of  direct  interaction 
of  RFR  with  such  biological  entities  or  their  constituents  at  levels 
that  can  be  characterized  as  nonthermal.  Open  to  question,  however,  is 
the  relevance  of  extrapolating  such  findings  to  possible  effects  of 
exposure  of  intact  animals  to  RFR  and  ultimately  their  significance  with 
regard  to  possible  hazards  of  RFR  to  humans. 
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4  UNRESOLVED  ISSUES 


The  potential  biological  effects  of  RFR  at  frequencies  up  to  300  GHz 
have  been  assessed  from  representative  peer-reviewed  studies  published 
in  the  scientific  literature.  The  preponderance  of  reliable  evidence  in 
the  studies  evaluated  indicates  that  chronic  exposure  to  RFR  at  average 
power  densities  generally  found  in  the  environment  is  not  hazardous  to 
human  health,  even  with  due  recognition  that  a  few  of  the  negative  find¬ 
ings  reported  might  have  been  obtained  because  the  experiments  had  been 
poorly  conducted.  Nevertheless,  the  following  uncertainties  in  the  body 
of  knowledge  regarding  the  biological  effects  of  RFR  are  worthy  of  men¬ 
tion.  Such  uncertainties  may  be  reduced  but  are  not  likely  to  be  elimi¬ 
nated  entirely  in  the  foreseeable  future. 

(1)  Many  of  the  epidemiologic  studies  on  RFR  bioeffects  performed  to 
date  were  extensive  and  reasonably  well  done,  but  they  contain  defects 
in  varying  degrees,  such  as  imprecise  assignment  of  individuals  to  the 
exposure  and  control  groups;  classification  of  the  individuals  in  the 
exposure  groups  with  regard  to  the  frequencies,  levels,  and  durations  of 
RFR  exposure;  and  difficulties  in  obtaining  complete  or  accurate  medical 
records,  death  certificates,  or  responses  to  health  questionnaires  for 
the  individuals  in  both  groups.  With  the  recent  advent  and  continual 
upgrading  of  computer-archival  health-data  bases,  it  is  likely  that 
considerable  improvements  can  be  obtained  in  the  latter  aspects  for 
possible  future  epidemiologic  studies. 

(2)  As  noted  in  the  Introduction  (Section  1.4),  application  of  re¬ 
sults  on  laboratory  animals  to  humans  by  extrapolation  or  otherwise, 
though  essential,  is  a  resort  containing  fundamental  problems  and  uncer¬ 
tainties  due  to  basic  interspecies  differences.  Studies  with  nonhuman 
primates  as  surrogates  for  humans  considerably  narrow  the  interspecies 
gaps,  but  at  costs  that  are  often  prohibitive.  Thus,  major  reductions 
in  such  kinds  of  uncertainties  seem  unlikely,  at  least  in  the  near 
future . 

(3)  The  results  of  many  investigations  indicate  the  existence  of  RFR 
threshold  levels  for  various  bioeffects,  thus  providing  confidence  that 
exposure  to  levels  that  are  appreciably  below  the  thresholds  are  most 
unlikely  to  be  deleterious.  However,  most  experimental  data  indicating 
the  existence  of  thresholds  were  obtained  by  use  of  single  or  repetitive 
exposures  of  relatively  short  durations.  Although  it  is  difficult  to 
conceive  of  mechanisms  whereby  RFR  exposures  at  well  below  threshold 
values  over  a  long  time  could  result  in  cumulative  effects  deleterious 
to  health,  there  have  been  very  few  investigations  involving  essentially 
continuous  exposure  of  animals  to  low-level  RFR  during  most  (if  not  all) 
of  their  lifetimes.  The  high  costs  of  such  investigations  are  the  major 
impediment  to  their  pursuit. 

(4)  Regarding  basic  mechanisms  of  interaction  between  RFR  and  various 
biological  entities,  many  important  discoveries  have  been  made  recently, 
notably  by  exposure  of  cells  and  subcellular  structures  and  constituents 
in  vitro  to  relatively  low  levels  of  RFR.  The  effects  on  such  entities 
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can  be  characterized  as  nonthermal,  but  the  gap  between  such  effects  and 
possibly  hazardous  effects  on  intact  humans  or  animals  from  exposure  to 
such  RFR  levels  is  enormous.  Because  such  factors  as  large  body  masses, 
penetration  depth  and  internal  field  distributions,  and  body-orientation 
changes  in  exposures  to  RFR  in  vivo  vastly  moderate  such  interactions  or 
remove  them  entirely,  as  well  as  because  of  the  complexities  of  various 
life  processes  per  se,  this  gap  is  not  likely  to  be  reduced  to  any  great 
extent . 

Based  on  the  foregoing,  it  is  most  unlikely  that  new  information  would 
reveal  a  significant  hazard  from  chronic  exposure  to  low  levels  of  RFR 
(i.e.,  levels  below  those  that  can  cause  significant  heating).  Whether 
such  exposure  could  be  hazardous  nevertheless  will  remain  an  unresolved 
issue,  at  least  in  the  near  term.  On  the  other  hand,  it  is  noteworthy 
that  to  date,  although  EPA  has  been  able  to  characterize  a  large  number 
of  chemical  and  physical  agents  as  toxic  (including  ionizing  radiation) 
and  regulate  them,  it  has  been  unable  to  similarly  characterize  chronic 
exposure  to  environmental  RFR  levels  on  the  basis  of  any  mortality  or 
morbidity  data  in  the  general  population. 
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5  MISCONCEPTIONS 


Several  misconceptions  regarding  the  bioeffects  of  RFR  continue  to  be 
expressed  in  popular  and  other  accounts  outside  peer-reviewed  scientific 
publications  on  the  subject.  Those  accounts  tend  to  be  sources  of  some 
confusion  for  the  nonspecialist.  The  following  are  typical  examples. 

Often,  the  distinction  between  nonionizing  radiation  (RFR)  and  ioniz¬ 
ing  radiation  is  not  made;  consequently,  the  well  known  hazards  of  ion¬ 
izing  radiation  are  linked — by  implication — with  exposure  to  RFR.  In 
essence,  ionizing  radiation  (which  includes  ultraviolet  light,  X-rays, 
and  the  emissions  from  nuclear  and  other  radioactive  materials)  has  suf¬ 
ficient  quantum  energy  (see  Section  2.2)  to  expel  an  electron  from  a 
molecule,  leaving  the  molecule  positively  charged  and  thereby  strongly 
affecting  its  interactions  with  neighboring  molecules.  Ionization  can 
alter  the  functions  of  biological  molecules  fundamentally  and  often 
irreversibly. 

By  contrast,  the  quantum  energies  of  RFR  are  so  much  smaller  that 
their  primary  effect  is  to  agitate  rather  than  ionize  molecules;  absorp¬ 
tion  of  RFR  quanta  at  high  rates  (in  large  numbers  per  unit  time)  pro¬ 
duces  heat.  (Nonthermal  quantum  interactions  are  not  excluded,  but  as 
noted  above  in  Section  4,  their  occurrence  in  humans  or  live  animals  is 
not  likely  to  yield  harmful  effects.) 

In  addition,  RFR-induced  molecular  agitation  virtually  ceases  as  soon 
as  exposure  to  RFR  is  halted.  At  relatively  low  RFR  intensities  (de¬ 
pending  on  the  animal  species),  the  heat  that  such  agitation  represents 
is  well  accommodated  by  the  normal  thermoregulatory  capabilities  of  the 
species,  and  therefore  any  effects  produced  are  generally  reversible. 

At  higher  RFR  intensities,  the  thermoregulatory  capabilities  of  any 
given  species  may  be  exceeded,  so  inadequate  compensation  for  such  ef¬ 
fects  may  occur;  thus,  exposure  at  such  intensities  may  lead  to  thermal 
distress  or  even  irreversible  thermal  damage.  In  short,  a  single  quan¬ 
tum  of  ionizing  radiation  that  is  absorbed  by  a  molecule  alters  the  pro¬ 
perties  of  that  molecule,  and  exposure  to  such  radiation  may  thereby 
profoundly  affect  the  function  of  the  biological  constituent  involved. 

By  contrast,  in  exposure  to  RFR  in  vivo,  the  concurrent  absorption  of 
many  quanta  is  necessary  to  produce  effects  of  clinical  or  biological 
importance . 

Even  if  an  effect  is  produced  by  RFR,  that  effect  may  not  necessarily 
be  deleterious  to  the  entity  involved.  As  an  example  of  a  nonhazardous 
effect,  absorption  of  visible  light  (a  form  of  electromagnetic  radiation 
having  quantum  energies  above  those  of  RFR  but  below  those  of  ionizing 
radiations  mentioned  previously)  in  the  eyes  is  necessary  for  vision. 
Visible  light  and  infrared  radiation  are  also  absorbed  by  the  skin  and 
at  normal  levels  are  converted  into  harmless  heat.  On  the  other  hand, 
ultraviolet  light  can  cause  skin  cancer. 

Concerned  people  frequently  ask  whether  guarantees  can  be  offered  that 
chronic  exposure  to  low  levels  of  an  agent  such  as  RFR  will  have  no 


deleterious  effects  many  years  in  the  future.  As  noted  in  Section  1.4, 
to  obtain  data  on  which  a  guarantee  of  absolute  safety  can  be  based  is 
scientifically  impossible.  However,  the  large  body  of  experimental  data 
on  the  bioeffects  of  RFR  indicates  that,  unlike  the  ingestion  of  certain 
substances  in  small  quantities  that  can  accumulate  into  a  potentially 
harmful  total  dose,  the  RFR  energy  that  is  continually  absorbed  at  low 
incident  power  densities  (dose  rates)  is  readily  dissipated  and  does  not 
accumulate  in  the  body  toward  a  total  dose  equivalent  to  the  RFR  energy 
absorbed  in  short  exposures  at  high  incident  power  densities.  This  is  a 
basic  reason  for  the  existence  of  RFR-bioef fects  threshold  levels. 
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6  GENERAL  SUMMARY  AND  CONCLUSIONS 

6.1  ACTUAL  OR  PRESUMED  EXPOSURE  OF  HUMANS 

It  is  believed  that  considerable  weight  should  be  accorded  findings  of 
well  performed  studies  involving  actual  or  presumed  human  exposure  to 
RFR  despite  the  previously  stated  limitations  of  such  studies  because  of 
the  problems  and  uncertainties  in  animal  studies  related  to  interspecies 
differences.  Summarized  below  are  the  findings  of  various  epidemiologic 
studies  on  the  effects  of  exposure  to  RFR,  either  occupationally  or  due 
to  residence  in  the  neighborhood  of  RFR  emitters,  and  those  of  several 
studies  with  human  volunteers.  Analyses  of  such  studies  produced  no 
unequivocal  evidence  that  chronic  exposure  to  RFR  at  levels  within  the 
previous  or  current  U.S.  exposure  guidelines  was  implicated  in  reported 
detrimental  health  effects. 

Especially  noteworthy  among  the  various  epidemiologic  studies  on  the 
effects  of  exposure  to  RFR,  because  of  the  large  numbers  of  records 
amassed  (about  20,000  each  in  the  exposed  and  control  groups),  is  that 
by  Robinette  and  Silverman  of  former  Naval  personnel.  This  study  did 
not  yield  significant  correlations  between  exposure  to  RFR  and  long-term 
mortality  or  between  exposure  and  various  clinical  manifestations  that 
required  hospitalization.  Also  noteworthy  is  the  epidemiologic  study  by 
Lilienfeld  and  coworkers  of  personnel  who  resided  in  the  U.S.  embassy  in 
Moscow  during  periods  when  the  Embassy  was  irradiated  with  low  levels  of 
RFR,  a  subject  that  created  considerable  alarm.  They  were  not  able  to 
find  any  statistically  significant  differences  associated  with  RFR  in 
total  mortality  or  mortality  from  specific  causes  or  in  other  illnesses 
(including  cancer)  between  personnel  in  the  Moscow  embassy  and  controls 
comprised  of  personnel  in  other  Eastern  European  U.S.  embassies. 

Lester  and  Moore  had  postulated  higher  cancer  incidence  for  popula¬ 
tions  in  the  vicinity  of  Air  Force  bases  and  presented  a  statistical 
treatment  purporting  to  demonstrate  the  validity  of  the  hypothesis. 
However,  a  reanalysis  by  Poison  and  Merritt  of  the  data  showed  that  the 
differences  in  mortality  from  cancer  incidence  among  the  counties  that 
included  Air  Force  bases  and  those  that  did  not  were  statistically  non¬ 
significant.  Poison  and  Merritt  ascribed  the  findings  of  Lester  and 
Moore  to  a  data  base  that  was  incorrectly  assembled.  In  another  study, 
Lester  and  Moore  reported  a  neighborhood  pattern  of  higher  cancer  inci¬ 
dence  in  Wichita,  Kansas,  associated  with  the  locations  of  radar  trans¬ 
mitters  at  airports.  Analysis  indicated  that  this  study  was  replete 
with  flaws. 

Milham  had  analyzed  decedent  information  on  429,926  males  and  25,066 
females  in  Washington  State  to  search  for  relationships  between  causes 
of  death  and  various  occupations,  and  reported  an  increase  in  leukemia 
in  workers  exposed  to  electric  and  magnetic  fields.  However,  this 
finding  should  be  treated  with  caution,  because  the  author  apparently 
did  not  assume  any  hypotheses  a  priori,  and  used  a  method  that  did  not 
meet  normal  criteria  for  statistical  testing  of  hypotheses.  Moreover, 
the  commentaries  of  the  author  on  patterns  of  mortality  underlying  the 


different  occupations  seemed  to  show  personal  bias. 


Hamburger  and  coworkers  hypothesized  that  physical  therapists  might  be 
subject  to  adverse  health  effects  from  frequent  use  of  various  diathermy 
modalities  ("microwave,  shortwave,  infrared,  and  ultrasound").  They 
therefore  analyzed  responses  from  male  members  of  the  American  Physical 
Therapy  Association  to  a  questionnaire  about  their  occupational  history 
of  diathermy  use.  The  final  sample  consisted  of  3004  respondents  from 
5187  therapists  solicited.  The  responses  were  divided  in  various  ways 
into  subgroups  for  statistical  analyses,  and  3x3  contingency  tables  of 
condition  versus  modality  were  formed  for  each  of  10  medical  conditions. 

The  only  medical  condition  with  a  statistically  significant  associa¬ 
tion  with  the  microwave  and  shortwave  modalities  was  heart  disease. 
However,  of  the  90  contingency  tables,  only  four  showed  statistical  sig¬ 
nificance  at  the  5X  level,  a  finding  no  better  than  chance.  None  of  the 
tables  for  the  other  nine  medical  conditions,  including  incidence  of 
neoplasms,  was  statistically  significant.  This  study  also  illustrates 
the  problems  with  using  responses  to  a  mailed,  self-administered  ques¬ 
tionnaire,  such  as  the  relatively  low  response  rate  (58Z)  and  possible 
self-selection  by  respondents  because  they  had  medical  conditions. 

i  Results  of  early  studies  by  Sigler  and  coworkers  showed  a  slgnifi- 

|  cantly  higher  incidence  of  Down's  syndrome  of  case  mothers  exposed  to 

|  ionizing  radiation  in  Baltimore,  Maryland,  but  also  an  association  be- 

|  tween  the  occurrence  of  Down's  syndrome  and  presumed  exposure  of  the 

l  fathers  to  RFR  from  radars  during  military  service.  In  a  more  extensive 

J  study  that  embodied  additional  case-control  pairs,  Cohen  and  coworkers 

j  were  unable  to  confirm  a  significant  relationship  between  case  fathers 

and  incidence  of  Down's  syndrome. 

Peacock  and  coworkers  examined  the  birth  certificates  in  an  Alabama¬ 
statewide  file  by  counties  of  31,700  white  males,  29,400  white  females, 
14,900  black  males,  and  14,900  black  females,  and  found  932  infants  with 
968  birth  defects  of  various  types,  corresponding  to  an  overall  rate  of 
10.3  newborns  with  anomalies  per  thousand  births,  a  rate  comparable  with 
those  of  similar  registries  elsewhere.  However,  they  also  reported  that 
in  comparison  with  statewide  averages,  the  incidences  ot  certain  birth 
defects  significantly  exceeded  chance  in  six  counties,  and  associated 
this  finding  with  the  radars  at  Fort  Rucker,  which  is  within  Coffee  and 
Dale  counties  (two  of  the  six). 

In  a  later  paper.  Peacock  and  coworkers  adjusted  the  data  to  account 
for  "non-radar"  factors  and  compared  the  anomaly  rates  at  Lyster  Hos¬ 
pital  (at  Fort  Rucker)  with  the  rates  for  three  military  hospitals  at 
bases  with  minimal  radar  networks.  Those  results  confirmed  that  the 
total  anomaly  rate  and  the  rates  for  anomalies  of  the  heart,  genital 
organs,  and  musculoskeletal  categories  were  abnormally  high  at  Lyster 
Hospital,  and  also  that  fetal  death  rates  at  Lyster  and  at  the  hospital 
at  Eglin  Air  Force  Base  were  almost  the  same  and  may  be  associated  with 
radar.  However,  Burdeshaw  and  Schaffer  subsequently  compared  the  Coffee 
and  Dale  county  data  used  by  Peacock  and  coworkers  with  those  of  the 
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other  65  counties  in  Alabama  instead  of  with  the  statewide  averages  and 
were  unable  to  confirm  the  findings  of  Peacock  and  coworkers. 

More  recently,  Kallen  and  coworkers,  hypothesizing  that  physiothera¬ 
pists  were  more  likely  to  have  been  occupationally  exposed  to  various 
agents  (chemicals,  drugs,  x-rays,  RFR)  than  the  general  population,  con¬ 
ducted  a  cohort  study  of  2,043  infants  (including  25  pairs  of  twins) 
born  in  Sweden  to  2,018  registered  female  physiotherapists.  Analysis  of 
the  infant  data  for  the  entire  cohort  yielded  results  comparable  to  or 
more  favorable  than  those  for  the  general  population,  which  led  the  au¬ 
thors  to  suggest  that  the  outcome  may  be  an  indication  of  a  "healthy 
worker"  effect.  They  therefore  performed  a  case-control  study  within 
the  cohort  and  found  a  borderline  statistically  significant  (p«0.03) 
association  of  perinatal  deaths  with  therapists  in  the  "of ten/daily" 
category  of  use  of  shortwave  equipment  (for  11  case  mothers),  but  with 
no  obvious  pattern  of  specific  malformations.  However,  sensitivity 
analysis  of  their  data,  which  were  derived  from  responses  to  a  question¬ 
naire,  showed  that  the  outcome  depended  critically  on  accurate  recollec¬ 
tion;  if,  for  example,  one  mother  had  responded  "seldom"  instead  of 
"often”  use,  the  difference  between  perinatal  deaths  in  case  and  control 
infants  would  have  been  nonsignificant  (p-0.056). 

Individual  cases  of  eye  damage  from  occupational  exposure  to  RFR  have 
been  reported  at  various  times  since  the  end  of  World  War  II;  some  of 
those  cases  may  have  resulted  from  exposure  at  average  power  densities 
substantially  higher  than  the  threshold  found  in  animal  studies  (about 
150  mW/sq  cm).  In  addition,  several  epidemiologic  studies  were  done  to 
determine  whether  ocular  damage  could  be  statistically  associated  with 
occupational  exposure  to  RFR. 

Cleary  and  coworkers  found  2,946  cataract  cases  in  Army  and  Air  Force 
veterans  of  World  War  II  and  the  Korean  War  in  records  of  Veterans 
Administration  hospitals,  and  used  a  random  sample  of  2,164  veterans 
hospitalized  for  other  causes  during  the  same  period  for  comparison. 

The  authors  classified  each  individual  in  both  groups  on  the  basis  of 
military  occupational  specialties  as  a  radar  worker,  a  nonradar  worker, 
or  not  classifiable  by  specialty  as  either.  Of  those  placed  in  the 
radar  group,  they  found  19  individuals  with  cataracts  and  2,625  without 
cataracts;  of  those  in  the  nonradar  group,  21  had  cataracts  and  1,935 
did  not,  a  nonsignificant  difference.  (The  remaining  510  individuals 
with  and  without  cataracts  could  not  be  classified.) 


In  another  study,  Cleary  and  Pasternack  obtained  occupational  histor¬ 
ies  from  personnel  then  employed  at  16  microwave  installations  and  used 
the  histories  to  differentiate  controls  from  exposure  cases.  By  this 
means,  they  selected  736  workers  as  being  occupationally  exposed  to  RFR 
and  559  workers  from  the  same  locations  and  occupational  environments 
(other  than  RFR)  as  controls. 

Exposed  and  control  groups  were  given  slit-lamp  examinations  and  each 
person  was  graded  for  subcataractous  lens  changes,  classified  as  minute 
defects,  opacification,  relucency,  sutural  defects,  and  posterior  polar 
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defects  on  a  scale  of  0  ("insignificant")  to  3  ("large  numbers  or  major 
degree  of  change,  short  of  clinically  recognized  cataract").  The  "eye 
score"  was  the  unweighted  sum  of  scores  for  each  type  of  defect,  and  a 
linear  regression  of  mean  eye  scores  versus  age  was  used  for  each  group. 
The  slope  of  the  regression  line  for  the  exposed  group  was  significantly 
higher  that  for  the  control  group,  but  a  significant  difference  in  age 
distribution  between  the  two  groups  as  well  as  the  subjective  scoring 
method  and  arbitrary  scale  rendered  the  results  questionable. 

Appleton  and  coworkers  performed  a  survey  consisting  of  examinations 
of  the  eyes  of  personnel  at  Army  posts  where  various  types  of  electronic 
communication,  detection,  guidance,  and  weather  equipment  were  under 
development,  test,  and  use.  Ophthalmologists  without  prior  knowledge  of 
the  occupational  histories  of  the  individuals  examined  their  eyes  for 
visual  acuity  and  the  presence  of  vacuoles,  and  the  fundus  with  special 
attention  to  the  posterior  pole.  Opacities,  vacuoles,  and  posterior 
subcapsular  iridescence  were  each  scored  on  a  binary  basis  (presence  or 
absence).  By  occupation,  each  person  was  deemed  to  be  either  in  the 
experimental  group  or  control  group  and  the  scores  for  each  group  were 
tabulated  by  age  (in  decade  increments).  The  authors  concluded  that  the 
results  do  not  support  the  contention  that  cataracts  occurring  in  those 
performing  duties  in  the  vicinity  of  equipment  that  generates  RFR  are  a 
result  of  RFR  exposure  except  in  documented  cases  of  severe  exposure.  A 
similar  conclusion  was  reached  in  a  later  survey  that  included  personnel 
at  other  military  bases,  but  no  statistical  treatment  of  the  results  was 
given  for  either  study. 

Hollows  and  Douglas  more  recently  examined  the  lenses  of  53  radioline¬ 
men  occupationally  exposed  to  RFR  by  erecting  and  maintaining  radio,  TV, 
and  repeater  towers  throughout  Australia.  The  group  included  workers 
who  had  maximal  cumulative  RFR  exposure  but  excluded  persons  known  to 
have  cataracts  or  who  had  cataracts  removed.  The  frequencies  ranged 
from  558  kHz  to  527  MHz.  Measurements  of  power  density  in  and  around 
work  areas  yielded  values  varying  from  0.08  to  3956  mW/sq  cm.  The  re¬ 
sults  of  these  examinations  were  statistically  compared  with  those  for 
39  age-matched  non-radiolineraen  controls  from  the  same  Australian 
states . 

The  primary  ocular  finding  was  of  "posterior  subcapsular  cataract 
(PSC)"  in  one  or  both  eyes  of  21%  (11/53)  of  the  radiolinemen  and  in  8% 
(3/39)  of  the  controls,  a  difference  at  the  8.6%  significance  level;  or 
in  18%  (19/106)  of  both  eyes  of  the  radiol ineraen  and  8%  (6/78)  of  the 
control  eyes,  a  difference  at  the  4.3%  significance  level.  The  authors 
also  reported  that  nuclear  sclerosis  (a  type  of  lens  opacity  possibly 
due  to  exposure  to  solar  irrradiation)  was  present  in  50  (47%)  of  the 
eyes  of  radiolinemen  and  in  34  (44%)  of  the  eyes  of  controls,  a  nonsig¬ 
nificant  difference.  Lens  capsule  pseudoexfoliation  was  not  found  in 
either  group.  Not  indicated,  however,  was  the  degree  of  vision  degrada¬ 
tion  due  to  the  presence  of  postcapsular  cataract  (and/or  of  nuclear 
sclerosis) . 

In  summary,  most  of  the  findings  of  ocular  effects  in  humans  were  due 


more  to  age  rather  than  exposure  to  RFR,  except  for  cases  of  possible 
occupational  exposure  of  individuals  at  levels  and  durations  likely  to 
have  been  sufficient  to  heat  the  eye  to  temperatures  well  in  excess  of 
those  found  damaging  in  animal  experiments. 

The  RFR-auditory  effect  is  a  well  recognized  phenomenon  experienced  by 
persons  in  the  main  beam  of  pulsed-RFR  emitters  within  short  distances 
from  the  antenna.  Although  extensive  studies  have  not  been  performed 
that  involved  exposures  of  humans  to  pulsed  RFR  directed  specifically 
toward  determining  whether  the  effect  can  cause  harm,  no  cases  are  known 
of  health  impairment  related  to  perception  of  RFR  pulses  as  sound.  It 
is  especially  noteworthy  that  no  apparent  ill  effects  were  experienced 
by  volunteers  from  exposure  to  pulse  power  densities  as  high  as  2,000 
mW/sq  cm. 

Perception  of  2.45-GHz  CW  RFR  via  the  skin  by  human  volunteers  (for 
exposure  durations  of  the  order  of  10  seconds)  was  found  to  have  a 
threshold  of  about  30  mW/sq  cm.  Therefore,  persons  who  inadvertently 
enter  a  region  in  which  the  incident  power  densities  are  below  this 
threshold  but  above  present  exposure  standards  may  not  perceive  the  RFR 
cutaneously  and  thus  not  be  warned  thereby  that  such  levels  are  present. 
By  contrast,  the  threshold  for  human  perception  of  infrared  radiation 
was  found  to  be  about  2  mW/sq  cm. 

Several  studies  have  been  performed  indicating  that  shocks  and  burns 
of  varying  degrees  of  severity  could  occur  for  persons  making  electrical 
contact  with  large  metallic  objects  in  the  vicinity  of  emitters  of  RFR 
in  the  VLF-MF  range  (10  kHz  to  3  MHz),  a  problem  that  was  not  explicitly 
addressed  in  the  prevailing  RFR-exposure  standards.  However,  exposure 
standards  currently  being  developed,  and  specifically  the  1987  ANSI 
standard,  are  expected  to  include  maximum  permissible  levels  to  avoid 
such  hazards. 

6.2  STUDIES  WITH  ANIMALS 

RFR-induced  teratogenesis  was  sought  in  various  organisms,  including 
several  species  each  of  insects,  birds,  rodents,  and  nonhuman  primates. 
In  most  studies  with  the  darkling  beetle  (tenebrio  molitor),  the  levels 
of  RFR  used  were  usually  high  enough  to  significantly  heat  the  subjects. 
Nevertheless,  the  data  of  some  early  investigators  led  them  to  conclude 
that  the  terata  they  found  were  not  due  entirely  to  the  heat  produced  by 
the  RFR.  Subsequent  investigators,  however,  were  unable  to  confirm  such 
findings;  they  suggested  instead  that  the  earlier  findings  were  probably 
ascribable  to  the  presence  of  uncontrolled  non-RFR  factors.  Thus,  there 
is  no  valid  evidence  for  the  occurrence  of  teratogenic  effects  in  the 
darkling  beetle  at  RFR  levels  that  are  not  thermogenic. 

A  similar  conclusion  can  be  reached  about  the  teratogenesis  studies 
with  Japanese-quail  eggs  and  about  RFR-induced  developmental  abnormali¬ 
ties  in  hatched  quail.  On  the  other  hand,  retardation  of  development  in 
embryos  of  domestic  chickens  was  ascribed  by  others  to  exposure  of  eggs 
to  RFR  at  relatively  low  power  densities  (about  3.5  mW/sq  cm  average). 
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In  the  latter  studies,  the  ambient  temperatures  were  selected  to  compen¬ 
sate  for  rises  in  mean  internal  egg  temperature.  However,  other  inves¬ 
tigators  showed  that  the  temperature  gradients  within  RFR-exposed  eggs 
are  much  higher  than  in  sham-exposed  eggs,  so  even  though  the  mean  tem¬ 
peratures  of  RFR-  and  sham-exposed  eggs  were  rendered  approximately  the 
same,  the  temperatures  at  various  internal  locations  in  the  RFR-exposed 
eggs  most  likely  significantly  exceeded  the  highest  local  temperatures 
within  the  sham-exposed  eggs.  Thus,  the  purported  nonthermal  basis  for 
RFR-induced  teratogenesis  in  the  chicken  is  questionable. 

The  results  of  studies  of  RFR-induced  teratogenesis  and  developmental 
abnormalities  in  rodents  were  mixed.  With  mice,  both  positive  and 
negative  findings  were  reported.  One  effect,  however,  a  statistically 
significant  retardation  in  postnatal  growth  due  to  exposure  in  utero  to 
RFR  at  levels  exceeding  10  mW/sq  cm,  was  reported  in  several  of  the  more 
recent  studies  (an  effect  found  with  hamsters  as  well).  On  the  other 
hand,  all  of  the  investigations  with  rats  yielded  negative  results  and 
indications  that  the  RFR  levels  necessary  to  cause  significant  prenatal 
terata  or  postnatal  growth  or  development  retardation  are  close  to,  or 
above,  the  lethal  level  for  rat  dams. 

The  findings  above  led  Berman  and  coworkers  to  conclude  that  the  mouse 
may  be  more  suitable  than  the  rat  as  an  animal  model  for  investigations 
of  possible  teratogenic  effects  of  RFR  in  humans,  a  conclusion  that 
appears  to  be  specious  because  of  the  large  physiological  differences 
between  any  species  of  rodent  and  humans,  and  among  the  three  rodent 
species  studied  themselves.  Investigations  with  nonhuman  primates  would 
yield  much  more  definitive  findings.  In  squirrel-monkey  study  primarily 
on  possible  behavioral  effects,  Kaplan  and  coworkers  reported  several 
unexpected  infant  deaths  of  borderline  statistical  significance  for  the 
RFR-exposure  groups  (at  whole-body  SARs  up  to  3.4  W/kg),  a  finding  that 
could  not  be  confirmed  in  a  followup  study  specifically  directed  toward 
infant  mortality.  However,  an  independent  replication  of  the  latter 
study  has  not  been  undertaken. 

Overall,  the  findings  of  investigations  performed  thus  far  on  possible 
RFR-induced  teratogenesis  and  developmental  abnormalities  support  the 
conclusion  that  such  effects  can  occur  from  temperature  increases  caused 
by  the  RFR  rather  than  from  any  special  teratogenic  properties  of  RFR, 
and  that  the  likelihood  that  such  effects  would  occur  in  humans  from 
nonoccupational  exposure  to  RFR  is  negligible. 


In  the  many  studies  of  possible  mutagenic  effects  of  RFR  on  bacteria, 
yeasts,  or  fruit  flies,  the  findings  indicated  that  mutations  do  not 
occur  except  under  conditions  in  which  the  RFR  produces  significant 
temperature  rises  in  the  specimens.  Regarding  mutagenesis  in  mammals, 
several  studies  showed  that  exposure  of  male  rodents  to  levels  of  RFR 
that  produce  frank  heating  of  the  testes  tends  to  reduce  fertility,  but 
that  such  RFR  levels  were  not  mutagenic.  No  valid  evidence  was  found 
that  chronic  exposure  to  RFR  at  levels  within  prior  or  current  standards 
induces  or  promotes  any  form  of  cancer  in  mammals.  (However,  note  also 
the  discussion  below  of  the  chronic  study  by  Guy  and  coworkers.) 
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About  possible  effects  of  RFR  on  the  nervous  system,  many  early 
studies  of  the  blood-brain  barrier  are  now  believed  to  have  suffered 
from  the  presence  of  significant  artifact  in  the  biological  methodology 
used.  In  other  studies,  results  interpreted  by  the  investigators  as 
RFR-induced  alterations  of  the  BBB  were  most  likely  ascribable  instead 
to  changes  in  the  relative  sizes  of  vascular  and  extravascular  volumes 
in  the  brain.  In  recent  studies,  however,  in  which  artifact  was  reduced 
substantially  and  perhaps  rendered  negligible,  the  results  indicated 
that  hyperthermic  levels  of  RFR  are  necessary  to  alter  the  BBB. 

In  studies  on  RFR-induced  histopathological  and  histochemical  changes 
in  the  nervous  system,  most  of  the  positive  findings  were  thermally 
based.  A  notable  exception  was  the  recent  work  by  Sanders  and  co¬ 
workers,  which  showed  that  inhibition  of  respiratory  chain  function  can 
be  induced  by  RFR  at  levels  that  do  not  produce  measurable  tissue  hyper¬ 
thermia,  an  effect  worthy  of  further  investigation. 

Problems  associated  with  the  use  of  metallic  electrodes  to  record  EEGs 
and  evoked  responses  during  exposure  led  to  discounting  of  the  positive 
findings  in  studies  involving  such  use.  Such  problems  were  essentially 
eliminated  by  the  development  of  high-resistance,  carbon-loaded-Tef Ion 
electrodes  that  were  tissue-compatible  and  thus  chronically- implantable . 
When  such  electrodes  were  used  to  measure  EEGs  and/or  evoked  responses 
of  conscious  (unanesthetized)  animals  during  RFR-exposure,  differences 
between  responses  of  RFR-  and  sham-exposed  animals  were  nonsignificant. 
It  is  noteworthy  that  for  rabbits,  used  frequently  for  such  studies,  the 
EEGs  and  evoked  responses  were  found  to  vary  widely  among  unanesthetized 
control  animals,  as  well  as  with  time  for  individual  rabbits,  thereby 
reducing  confidence  in  any  findings  (positive  or  negative)  with  rabbits. 

The  controversy  regarding  the  calcium-efflux  phenomenon  in  its  various 
manifestations  (and  apparent  contradictions)  seems  rather  unlikely  to  be 
resolved  in  the  near  future.  Nevertheless,  there  appears  to  be  common 
agreement  among  researchers  on  RFR  bioeffects  that  the  phenomenon  is  not 
one  of  concern  as  a  possible  RFR  hazard  to  humans. 

Possible  effects  of  RFR  on  the  immune  system  were  sought  in  a  variety 
of  investigations.  In  many  early  studies,  suspensions  of  various 
classes  of  leukocytes  were  exposed  to  RFR  in  vitro,  but  such  studies 
suffered  from  lack  of  adequate  control  of  cell  temperature  during  expo¬ 
sure.  In  later  studies,  therefore,  considerable  effort  was  devoted  to 
developing  exposure  systems  that  permitted  maintenance  of  cell  tempera¬ 
ture  constant  at  optimum  value  during  exposure  or  that  provided  means 
for  deliberate  temperature  increases  to  predetermined  values  for  compar¬ 
ison.  Many  of  the  studies  with  such  systems  were  devoted  to  determining 
the  effects  of  RFR  on  lymphocyte  proliferation  (without  and  with  stimu¬ 
lation  by  various  mitogens)  or  on  functional  characteristics  of  lympho¬ 
cytes  as  components  of  the  immune  system.  In  those  studies  where  ex¬ 
posed  cultures  were  held  at  the  same  temperature  during  exposure  as 
control  cultures,  negative  findings  (nonsignificant  differences  in 
results  between  exposed  and  control  cultures)  were  obtained,  and  where 
the  findings  were  positive,  the  effects  on  the  exposed  cultures  were 


clearly  of  thermal  origin. 

Also  sought  in  early  studies  were  effects  of  exposure  of  erythrocytes 
to  RFR  in  vitro.  Among  the  findings  reported  were  significant  hemolysis 
and  potassium-ion  (K+)  efflux  for  rabbit  erythrocytes  exposed  to  RFR  at 
average  power  densities  as  low  as  1  mW/sq  cm.  In  subsequent  studies, 
however,  hemoglobin  and  K+  losses  from  rabbit  erythrocytes  by  heating 
with  RFR  from  room  temperature  to  37  deg  C  did  not  differ  significantly 
from  losses  due  to  conventional  heating;  the  threshold  SAR  for  effect 
was  found  to  exceed  46  W/kg.  Significant  hemolysis  and  K+  loss  were  not 
found  for  human  erythrocytes  heated  by  either  means  to  37  deg  C,  thus 
indicating  that  RFR  may  not  induce  similar  changes  in  rabbit  and  human 
blood . 

It  is  noteworthy  that  the  temperatures  used  in  all  of  those  erythro¬ 
cyte  studies  were  well  above  the  region  where  a  phase  transition  occurs 
in  the  cell  membrane.  (Such  a  phase  transition  is  observed  as  a  sharp 
change  in  slope  of  an  Arrhenius  plot.)  In  other  studies,  in  which  tem¬ 
peratures  were  used  that  spanned  the  transition  region,  RFR  was  found  to 
cause  significant  effects  on  erythrocyte  hemolysis  and  K+  losses,  but 
only  at  temperatures  within  the  transition  region.  Possible  mechanisms 
for  such  effects  were  suggested.  However,  the  significance  of  such 
effects  with  regard  to  hazards  of  RFR  to  human  health  is  unclear. 

Exposure  of  animals  to  RFR  in  vivo  to  ascertain  possible  immunological 
effects  yielded  mixed  results.  Some  studies  showed  apparent  diminution 
of  immune  responses  to  RFR,  but  with  no  clear  dependence  on  RFR  level; 
results  of  other  studies  appeared  to  indicate  that  survival  was  extended 
by  exposure  to  RFR.  In  investigations  with  Japanese  quail,  RFR-related 
differences  in  antigenic  responses  were  not  found,  except  when  elevated 
temperature  was  implicated.  Some  investigators  reported  that  exposure 
of  mammals  to  RFR  increased  proliferation  of  leukocytes  or  production  of 
antibodies  (relative  to  controls),  but  with  few  exceptions,  measured  or 
estimated  SARs  were  well  in  excess  of  1  W/kg.  In  more  recent  studies, 
subtle  effects  on  the  mammalian  immune  system  were  sought  with  the  use 
of  advances  in  assay  methods,  with  some  investigations  directed  toward 
the  effects  of  RFR  on  the  activity  of  natural  killer  (NK)  cells  and  with 
attention  to  the  possible  effects  of  non-RFR  stress.  The  results  showed 
that  SARs  much  higher  than  1  W/kg  were  necessary  for  such  effects. 

More  directly  relevant  to  possible  effects  of  RFR-exposure  on  the 
human  immune  system  would  be  studies  in  which  animals  are  chronically 
exposed  to  RFR  (preferably  over  virtually  their  entire  lifetimes),  to 
determine  whether  such  exposure  adversely  affects  their  health,  longevi¬ 
ty,  and  resistance  to  natural  disease  or  experimental  challenge  with 
various  microorganisms  or  toxins  therefrom.  Because  of  limitations  in 
funding,  however,  relatively  few  such  studies  have  been  done  and  ev?n 
fever  have  been  repeated  by  other  laboratories. 

In  the  most  comprehensive  chronic  study  to  date  (by  Guy  and  cowork¬ 
ers),  which  involved  exposure  of  100  rats  to  RFR  and  concurrent  sham- 
exposure  of  100  rats  for  virtually  their  full  lifetimes  (except  those 


withdrawn  for  interim  tests  and  those  that  died  before  the  end  of  the 
exposure  regimen).  Tests  of  10  rats  withdrawn  from  each  group  after  13 
months  of  exposure  (interim  kill)  showed  that  the  RFR  subgroup  had  sig¬ 
nificantly  higher  splenic  T-  and  B-lymphocyte  counts  than  the  sham 
subgroup;  these  higher  counts  were  ascribed  to  stimulation  of  the  lymph¬ 
oid  system  by  the  RFR.  This  effect,  however,  was  not  seen  in  similar 
tests  conducted  on  completion  of  the  exposure  regimen,  and  its  absence 
was  provisionally  ascribed  to  immunosenescence .  Longevity  was  not 
affected  by  the  RFR  at  corresponding  times  during  the  regimen. 

No  primary  malignancies  were  found  at  the  interim  kill  (in  rats 
younger  than  one  year).  However,  probably  the  most  controversial  find¬ 
ing  of  the  entire  study  was  that  for  the  rats  older  than  one  year,  a 
total  of  18  of  those  RFR-exposed  and  only  5  of  those  sham-exposed  had 
various  kinds  of  primary  malignant  lesions.  Several  cogent  arguments 
were  advanced  to  discount  the  biological  significance  of  this  finding; 
these  included  the  points  that  the  difference  between  the  numbers  of 
RFR-  and  sham-exposed  rats  afflicted  with  each  specific  type  of  malig¬ 
nancy  was  nonsignificant,  and  that  because  the  numbers  of  rats  with  each 
type  of  malignancy  were  small,  statistical  significance  was  attained 
only  by  combining  them,  an  oncologically  dubious  procedure.  Neverthe¬ 
less,  it  appears  that  the  issue  can  be  resolved  only  by  further  studies. 

Concerning  other  possible  physiological  and  biochemical  effects  of 
RFR,  various  studies  have  shown  that  the  thermoregulatory  systems  of 
nonhuman  primates  can  readily  compensate  for  high  RFR  levels,  a  finding 
that  is  most  significant  relative  to  possible  hazards  of  human  exposure 
because  of  the  closer  anatomical  and  physiological  similarities  among 
human  and  nonhuman  primates  than  between  those  of  humans  and  any  other 
mammals . 

Most  of  the  studies  of  possible  RFR-induced  effects  on  the  endocrine 
system  were  conducted  on  rodents.  Those  that  yielded  positive  findings 
indicated  that  the  effects  were  largely  due  to  increases  in  the  thermal 
burdens  of  the  animals.  In  many  of  the  studies,  the  observed  changes  in 
endocrine  function  may  have  been  influenced  significantly  by  stresses  in 
the  animals.  For  this  reason,  the  studies  by  Michaelson  and  coworkers 
are  notable  for  the  efforts  toward  reducing  stress  by  acclimating  the 
animals  to  handling  and  to  the  experimental  situation.  Nevertheless, 
some  of  the  reported  subtle  effects  of  RFR  on  the  endocrine  system  are 
worthy  of  further  study. 

Regarding  effects  of  RFR  on  the  heart,  some  early  studies  were  con¬ 
ducted  in  which  excised  hearts  were  exposed  to  RFR,  and  others  in  which 
the  whole  animal  was  exposed  in  vivo  The  positive  findings  reported  in 
roost  of  those  studies  (bradycardia,  tachycardia,  or  both)  were  suspect 
because  of  the  use  of  attached  or  indwelling  electrodes  that  probably 
introduced  significant  artifact  in  the  results.  Later  studies  involving 
the  use  of  electrodes  that  were  not  perturbed  by,  or  did  not  perturb, 
the  RFR  yielded  results  indicating  that  heart  rates  were  altered  only  at 
RFR  levels  that  caused  significant  body-temperature  rises  or  otherwise 
added  to  the  thermal  burden  of  the  animal. 


Also  investigated,  both  in  excised  animal  heaits  and  in  vivo,  was  the 
possibility  that  pulsed  RFR  at  repetition  rates  synchronous  with  various 
periodic  characteristics  of  the  EKG  could  alter  heart  rate.  Frey  and 
coworkers  reported  that  tachycardia  was  induced  in  excised  frog  hearts 
by  RFR  pulses  in  synchrony  with  the  EKG,  but  this  finding  with  isolated 
hearts  or  in  intact  animals  could  not  be  confirmed  by  other  researchers. 

Other  investigators  showed  that  for  CV  RFR,  levels  well  in  excess  of  1 
mU/sq  cm  or  1  V/kg  were  necessary  for  significant  alterations  of  heart 
rate.  Results  of  another  important  study  indicated  that  the  functioning 
of  hearts  already  damaged  from  other  causes  is  not  affected  by  exposure 
to  CW  RFR  at  levels  of  10  mW/sq  cm  or  lower. 

Early  studies  in  the  U.S.A.  on  possible  effects  of  RFR  on  behavior 
were  engendered  by  the  hypothesis  held  in  the  USSR  that  RFR  can  have 
direct  effects  on  the  central  nervous  system  (CNS)  and  that  such  effects 
could  occur  at  "nonthermal"  levels  of  RFR  and  thereby  alter  behavior  in 
the  absence  of  measurable  RFR-induced  increases  in  body  temperature. 

Many  studies  of  avoidance  behavior  by  animals  appeared  to  indicate 
that  RFR  is  a  noxious  or  unpleasant  stimulus.  However,  there  is  consid¬ 
erable  evidence  that  the  RFR-induced  changes  in  behavioral  patterns 
observed  in  animals  are  the  responses  by  their  thermoregulatory  systems, 
to  minimize  heat  absorption  in  normal  or  warm  ambient  environments  (in¬ 
cluding  high  levels  of  humidity)  or  to  obtain  warmth  in  relatively  cold 
environments.  Thus,  other  than  auditory  perception  of  RFR  pulses,  ani¬ 
mals  apparently  do  not  directly  sense  RFR  (other  than  as  heat).  The 
results  of  studies  on  RFR  disruption  of  animal  performance  or  learned 
behavior  were  quite  variable;  however,  most  of  the  findings  showed  that 
the  observed  changes  in  behavior  were  ascribable  to  the  additional  ther¬ 
mal  burden  imposed  by  the  RFR,  and  specifically  were  significant  at 
measured  or  estimated  whole-body  SARs  well  in  excess  of  1  W/kg. 

The  relatively  few  studies  of  possible  synergism  of  RFR  with  various 
psychoactive  drugs,  such  as  diazepam,  chlorpromazine,  chlordiazepoxide , 
and  dextroamphetamine,  yielded  unclear  or  inconsistent  results.  In  some 
studies,  the  changes  in  drug  dose-response  relationship  were  subtle  and 
not  necessarily  induced  by  the  RFR.  In  most  studies  that  yielded  RFR- 
induced  changes  in  drug  response,  average  power  densities  of  1  mW/sq  cm 
or  higher  coupled  with  relatively  high  drug  dosages  were  necessary.  The 
results  of  still  other  studies  showed  no  RFR-induced  response  changes. 
The  absence  of  synergistic  effects  between  consumption  of  alcohol  and 
RFR  except  at  very  high  doses  of  the  former  were  especially  noteworthy. 
In  general,  it  is  most  unlikely  that  the  effects  of  psychoactive  drugs 
prescribed  by  physicians  or  the  effects  of  recreationally  taken  alcohol 
would  be  altered  by  exposure  to  RFR  at  environmental  levels. 

Results  of  early  studies  with  microorganisms,  notably  those  of  Webb 
and  coworkers,  were  regarded  as  evidence  of  nonthermal  effects  of  RFR, 
and  therefore  created  considerable  controversy.  Existence  of  resonances 
in  the  subraillimeter-wave  region  was  postulated  on  theoretical  grounds, 
and  a  number  of  studies  were  performed  that  apparently  confirmed  that 


hypothesis.  However,  results  of  later  studies  involving  use  of  more 
sophisticated  engineering  and  biological  techniques  to  reduce  artifact 
did  not  confirm  the  earlier  findings  of  resonances  or  other  indications 
of  nonthermal  effects.  In  addition,  the  effects  of  RFR  on  giant  algal 
cells  found  by  Pickard  and  coworkers  were  thermally  induced.  On  the 
other  hand,  resonances  in  the  range  2-9  GHz  were  reported  recently  for 
DNA  from  E.  coli  in  specially  prepared  aqueous  solutions  to  obtain  DNA 
molecules  having  substantially  uniform  length.  These  resonances  appear 
indicative  of  direct  action  of  RFR  with  such  molecules,  but  the  effect 
is  evidently  damped  out  for  intact  DNA  within  cells. 

The  effects  of  exposure  of  mammalian  cells  and  constituents  thereof  to 
RFR  in  vitro  were  also  studied,  mostly  at  SARs  higher  than  4  W/kg.  As 
would  be  expected  at  such  SARs,  the  effects  reported  were  associated 
with  temperature  changes. 

Thus  far,  several  thousand  investigations  have  been  conducted  on  the 
biological  effects  of  RFR,  including  virtually  every  aspect  of  possible 
interest  or  concern.  In  overall  conclusion,  most  of  the  experimentally 
confirmed  findings  derived  from  the  studies  examined  in  this  document 
(believed  representative  of  that  large  body  of  literature)  indicate  that 
RFR  at  environmental  levels  is  a  benign  agent  with  respect  to  possible 
deleterious  effects  on  the  health  of  humans,  including  those  people  most 
susceptible  to  risk  of  harm. 
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